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ABSTRACT
Colorectal cancer (CRC) is the third most common malignancy and a fourth most
common cause of cancer-related death worldwide. CRC is a life-threatening disease due to
therapy resistant cancerous cells. The exact mechanisms of cell growth, survival, metastasis and
inter & intracellular signaling pathways involved in CRC is still a significant challenge.
Moreover, the treatment of metastatic CRC considered palliative for many years aimed for an
improved life, with little hope of a cure, highlighting the need for developing novel targeted
therapy for CRC. Hence, investigating new molecular mechanism(s) that lead to colorectal
carcinogenesis may give insight into the therapeutic target. Human protein kinases constitute a
complicated system with complex internal and external interaction, which stimulates various
cellular processes such as cell growth, metabolism, survival, and apoptosis. In this study, the role
of atypical Protein Kinase C (aPKC) on CRC was investigated by using two inhibitors: 1) ICA-I,
an inhibitor of PKC-ι, and 2) ζ-Stat, an inhibitor of PKC-ζ. The cell lines tested were CCD18CO
normal colorectal; and LoVo and RKO metastatic CRC cells. Our findings suggest that the
aPKCs are responsible for the abnormal growth, proliferation, and metastasis of metastatic CRC
cells via aPKC/Rac1/Pak1/β-Catenin pathway and aPKC/Slingshot/cofilin pathways. Moreover,
the combination of aPKC inhibitors work synergistically with clinically available drug such as 5Fluorouracil (5-FU) to retard the proliferation and induce massive apoptosis in CRC cells.
However, the inhibition of aPKCs did not bring any significant toxicity on CCD18CO healthy

x

cells. These results suggest the possibility of utilizing PKC-ζ inhibitor to block CRC cells
growth, proliferation, and metastasis.
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CHAPTER ONE
COLORECTAL CANCER
1.1 Epidemiology
Colorectal cancer (CRC) is the third most common and death-causing cancer in both
men and women in the United States [1]. In 2019, the estimated new CRC cases are 145,600
and estimated number of people die from CRC 51020 [2]. The median age of men with
developing CRC is 70 whereas the median age in female is 72, although the range can vary
widely [3]. The most common risk factors include smoking, obesity, high alcohol
consumption, inflammatory bowel syndrome (IBS) and Crohn’s disease [4]. Although the
overall CRC rates are decreasing possibly because of the improvement in screening protocol,
recent studies showed that the rate is still higher in younger population [4,5]. Family history is
related to 20% of incidence in young-onset of CRC, however, the incidence rate is increasing
in patients without any family history [6]. Because of this reason American Cancer Society
now recommends average-risk patients begin CRC screening at 45 years age, Whereas
previous recommendation was 50 years [7].
Patients diagnosed with CRC at an early age are quite different than their older
counterparts. They are mostly left-handed and get affected in rectum [8]. They tend to have
more aggressive disease with poor prognosis [9].
1.2 CRC
CRC or Colorectal adenocarcinoma is the development of cancer in the colon or rectum
due to the abnormal growth of cells that have the ability to invade or spread to other parts of the
1

body [10]. CRC are mostly adenocarcinomas (cancers that begin in cells that make and release
mucus and other fluids). Colorectal cancer often begins as a growth called a polyp, which may
form on the inner wall of the colon or rectum. Over time, polyps may become malignant [10].
The development of colorectal carcinogenesis is a complex multistep process accompanied by
the disruption of the intestinal epithelial cell growth, proliferation, differentiation, apoptosis, and
survival mechanism [11]. The etiological understanding of this life-threatening disease is still
unknown. Tumor progression is usually acquired by a number of characteristic alterations. These
alterations can include the uncontrolled proliferation of cells independently of extracellular
promoting or inhibitory signals, invasiveness to nearby tissues and metastasis to distant sites,
elicitation of an angiogenic response, and obstacles in the mechanisms that limit cell
proliferation, such as apoptosis and replicative senescence.
1.3 Stages of CRC
CRC stages defines the depth and severity of the disease progression through the colon
and rectum. There are five stages of CRC ranging from stage 0 to stage IV.
Stage 0: At the beginning, CRC begins as an abnormal growth of cells to form a mass called
polyps found on the intestinal mucosa. This is also known as the carcinoma in situ because the
cancer is confined to its place of origin. It basically affects the innermost lining of the colorectal
region.
Stage I: Cancer passes through the mucosa (inner lining) into the submucosa and may have
entered the muscle.
Stage II: It is subdivided into three categories
Stage IIA: Cancer moves through the outer most layer of the colon and rectum
(serosa) but has not passed it yet.
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Stage IIB: Cancer grows through all the layers of the colon and rectum but not passes
into lymph node or organ.
Stage IIC: Cancer passes through all the layer and moves into nearby tissue or organ
but not to nearby lymph nodes or distant organs.

Figure 1.1: Stages of colorectal cancer. For the National Cancer institute © 2005 Terese
Winslow LLC, U.S. Govt. has certain rights. Adapted from [13].

Stage III: It is also subcategorized into three sub-stages
1.3.4.1 Stage IIIA: Cancers passes through the muscle layer, serosa and spreads up to
three nearby lymph nodes.
Stage IIIB: Cancer crosses the outermost layer of the intestinal wall and moves to nearby
organ and tissue, as well as up to three nearby lymph nodes but does not spread to a
distant organ.
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Stage IIIC: Cancer crosses the outermost layer of the intestinal wall and moves to nearby
organs and tissues, spreads to four or more nearby lymph nodes but does not spread
to distant organs.
Stage IV: This is the terminal stage which indicates that cancer metastasizes to distant organs
such as liver, lungs, kidney.
Stage IV is also categorized as Stage IVA and Stage IVB depending on how many organs it
metastasizes to. If the disease progresses to only one distant organ, then it is defined as Stage
IVA and if more than one organ gets affected then it categorized as Stage IVB [12].
1.4 Types
1. Colorectal Adenocarcinoma (accounts for 95% of CRC)
2. Gastrointestinal carcinoid tumor
3. Primary colorectal lymphoma
4. Gastrointestinal Stromal tumor
5. Leiomyosarcoma
Colorectal Adenocarcinoma. The prefix “Adeno refers to the glands and the suffix “carcinoma”
refers to cancer grows in the epithelial tissue that lines the inner and outer part of the body.
Adenocarcinoma of the colorectal region develops mainly in the large intestine. At the beginning
the inner lining of the bowel gets affected but eventually it can move other layers.
Gastrointestinal carcinoid tumor. This carcinoid tumor forms in the nerve cells known as
neuroendocrine cells that help to regulate hormone production. They are usually slow-growing
and accounts for 1% of CRC.
Primary colorectal lymphomas. A non-Hodgkin lymphoma develops in the lymphatic system,
specifically in lymphocytes. It develops in the lymphatic system which helps as a critical
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component on cellular defense mechanism. Primary colorectal lymphomas account for only
0.5% of CRC and about 5% of all lymphoma. This type of CRC mainly occurs at the later stage
of life and affects more men than women
Gastrointestinal stromal tumors (GISTs). This is a rare type of cancer form in the special cells
found in the lining of gastrointestinal (GI) tract called interstitial cells of Cajal (ICCs). GISTs
mostly develop in the stomach followed by small intestine and rectum. GISTs are grouped as
sarcomas, cancer that originates in connective tissues which include fat, muscle, blood vessel,
deep skin tissue, nerves, bones, and cartilage.
Leiomyosarcoma. Another form of sarcoma, also known as the cancer of smooth muscle. The
colorectal region has three layers of muscle that work together to guide waste disposal through
the digestive tract. It is accounts for 0.1 %of all CRC incidences [14].
1.5 Symptoms
The common CRC symptoms are
➢ Changes in the bowel movement
➢ Diarrhea or constipation
➢ Feeling of not emptying stomach completely
➢ Blood in the feces that makes the stool look black
➢ Red blood coming from rectum
➢ Pain and bloating in the abdomen
➢ Unexpected weight loss
➢ A feeling of fullness in the abdomen even after not eating for a while
➢ Fatigue or tiredness
➢ A lump in the abdomen and black passage
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➢ Unexplained iron deficiency in men and women after menopause [15].
1.6 Molecular basis / Pathogenesis
Most frequent, CRC develops as a result of hyperactivation of Wingless-related
integration site (Wnt) signaling pathway in the epithelial cells found in the colorectal region. The
mutation of the key molecules of Wnt signaling molecules could be inherited or acquired and
most importantly occur in the intestinal crypt stem cell [16,17]. APC is the most commonly
mutated gene in all form of CRC which produces Adenomatous polyposis coli (APC) protein
responsible for inhibiting translocation of β-Catenin into the nucleus. In the nucleus, β-Catenin
binds to the DNA and activates transcription factors of several oncogenes. Some CRC have
showed increased expression of CTNNB1 (translate into β-Catenin), while other have mutation in
genes such as AXIN1, AXIN2, TCF7L2 or NKD1 that have similar function as APC [18].
Besides anomalies in Wnt signaling proteins, other changes must also occur at the
genomic level occur in order for a cell become cancerous. One of the important genes in a cell is
TP53 which expresses p53 protein, known as the guardian of the cell division. Initially, if there is
any defect in any signaling cascade it is taken care of by p53. However, cancer cell acquired
mutations in TP53 gene eventually, as a result, aberrant activation of many cascades keeps going
beyond control and transforms the tissue from benign epithelial tumor to invasive epithelial
cancer. Interestingly, sometimes TP53 gene is not mutated but protective proteins such as BCL2
Associated X (Bax) is altered instead [18].
Usually, defective cells undergo a series of events called programmed cell death or
apoptosis. The process of apoptosis is controlled by different proteins and is often deactivated or
defunctionalize as a result of mutations in genes responsible for producing proteins such as TGFβ, Deleted in colorectal cancer (DCC). In approximately half CRC population, the gene
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responsible for TGF-β is mutated. Sometimes, TGF-β has not deactivated instead a downstream
protein of TGF-β called Small Mothers Against Decapentaplegic (SMAD) protein is deactivated
which leads to cancer [19].
Moreover, carcinogenic events induce the mutation of various genes such as KRAS, RAF,
PIK3CA. As a result, growth factors can stimulate a number of signaling events via different
molecules like Kirsten Rat Sarcoma Virus protein (KRAS), Rapidly Accelerated Fibrosarcoma
(RAF), Phosphoinositide 3-kinases (PI3K) which causes cells to divide and proliferate
abnormally. In addition, PTEN, a tumor suppressor which blocks PI3K can also be become
mutated and deactivated in CRC [18].
Recent comprehensive genome analysis revealed that CRC could be hyper or hypomutated in tumor types [20]. In addition to the oncogenic alteration of genes described above,
non-hypermutated samples are also observed to contain mutated CTNNB1, FAM123B, SOX9,
ATM, and ARIDIA. Hypermutated tumor display mutated forms of ACVR2A, TGFBR2, MSH3,
MSH6, SLC9A9, TCF7L2 and BRAF which progress through a series of distinct events. The
common theme among these genes, across both tumor types, is their involvement in Wnt and
TGF-β signaling pathways that lead to the increased expression of Myc gene, a central player in
CRC [20].
1.7 Diagnosis
The common diagnosis techniques used by the physicians include:
✓ Endoscopic procedure such as colonoscopy
✓ Lab tests such as stool test to look for blood and DNA abnormalities
✓ Biopsies to examine cancerous cells.
✓ PET/CT scan of the chest, abdomen, pelvis to determine metastatic part of the disease.
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✓ MRI to determine greater soft tissue contrast to CT scan.
✓ Ultrasound to investigate distant tumor, particularly in the abdomen.
✓ Barium enema to aid in the X-ray of the large intestine. It helps to determine the stages of

the CRC.
1.8 Treatment options
CRC is usually treated with
1.8.1 Surgery
1.8.2 Radiation
1.8.3 Systematic therapies using medication
The types of systematic therapy used for CRC are
1. Chemotherapy
2. Targeted therapy
3. Immunotherapy
Chemotherapy. A patient may receive a single drug or combination of drugs to block the
cancer cell’s ability to divide and grow. The dosage regimen usually consists of specific number
of given cycles and continue for a period. Chemotherapy is usually given post-surgical procedure
to kill remaining cancer cells. Sometimes physician prescribes chemotherapy and radiation
before surgery to reduce the tumor size and recurrence.
The US Food and drug administration (USFDA) has approved many drugs to be used as
chemotherapeutic agents which could be used individually and in combination based on the
patient’s unique condition.
Examples include
➢ Capecitabine (Xeloda)
➢ Fluorouracil (5-FU)

8

➢ Irinotecan (Camptosar)
➢ Oxaliplatin (Eloxatin)
Some common treatment regimen comprises
•

5-FU alone

•

5-FU + Leucovorin (Folinic acid)

•

Folfox: 5-FU + Leucovorin + Oxaliplatin

•

Folfiri: 5-FU + Leucovorin + Irinotecan

•

Irinotecan alone
Targeted therapy. This approach usually targets a specific gene or protein that is believed

to be responsible for facilitating carcinogenic events. This type of treatment blocks the
progression of cancerous with little to no damage to the healthy cells.
The targeted therapy options for CRC include
Anti-angiogenesis therapy or Vascular endothelial growth factor targeted (VEGF) therapy
➢ Bevacizumab (Avastin)
➢ Regorafenib (Stivarga)
➢ Ziv-aflibercept (Zaltrap) and ramucirumab (Cyramza)
➢ Epidermal growth factor receptor (EGFR) inhibitors
➢ Cetuximab (Erbitux)
➢ Panitumumab (Vectibix)
Immunotherapy. They usually work by boosting up the body’s immune system to fight
against cancer. Checkpoint inhibitors are commonly used to treat CRC. Examples include
➢ Pembrolizumab (Keytruda)
➢ Nivolumab (Opdivo) [21].
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CHAPTER TWO
PROTEIN KINASE C
2. 1 Protein Kinase C
Protein kinase C (PKC) is a family of enzyme, also known as phospholipid dependent
serine/threonine kinases consisting of well characterized isozymes that are found in different
ratios in the cytosolic and membrane fractions [22]. PKCs sit at the crossroads of many
transmembrane signal transduction pathways that can be triggered by various external and
internal stimuli. PKCs are associated with many cell functions including survival, proliferation,
motility, and apoptosis [22]. The activation of some PKCs requires calcium, lipid metabolites
such as Diacylglycerol (DAG), co-factors like phosphatidylserine (PS) and secondary
messengers (phorbol esters) [23].
PKC can be divided into three main groups based on their structure and requirements (i.e.
activators and co-activators) for activation.
(1) Conventional PKCs (cPKCs)
Conventional PKCs, include Alpha (α), Beta I (βI), Beta II (βII) and Gamma (γ), that
activated by phospholipids, Calcium, and DAG.
(2) Novel PKC (nPKCs)
Includes Delta (δ), epsilon (ε), eta (η) and theta (θ), require DAG and phospholipids to
get activated but does not need Calcium.
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(3) Atypical PKCs (aPKCs)
Includes Iota (ι) in human/Lamda (λ) in mouse and Zeta (ζ), requires neither calcium nor
DAG to get activated and are activated by protein-protein interactions and phospholipids
[24].
2.2 Structure of PKCs
2.2.1 cPKCs and nPKCs
PKC is a single polypeptide consisting of a regulatory N terminal (approximately 2040kDa) and a catalytic C terminal (approximately 45kDa) (Figure 2.1). All PKC isozymes have
a similar highly conserved catalytic domain, also known as kinase domain consisting of motifs
for ATP/ substrate binding & catalysis but differ in their regulatory domain that maintains the
enzyme in an inactive form. The regulatory domain also has a pseudosubstrate region (a
sequence that has Alanine in place of Serine/Threonine phosphogroup acceptor otherwise mimic
a PKC substrate) and two discrete membrane-targeting modules, termed C1 and C2. cPKCs have
a C1 domain termed as C1A and C1B (each consisting of 6 cysteine & 2 histidine residues
coordinate with two Zn2+) that serve as a binding site for tumor-promoting phorbol ester and
diacylglycerol (DAG), C2 domain that binds anionic phospholipid in a calcium-dependent
manner. Novel PKCs also have twin C1 domain but they lack critical calcium coordinating
acidic residues even though they have a so-called C2 domain. PKC is activated following the
phosphorylation of the catalytic domain and subsequent release of pseudosubstrate from the
regulatory domain [25].
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Figure 2.1: Domain structure of cPKC and nPKC isoforms.
PKCs have a variable regulatory domain at the N-terminus and a conserved kinase domain at the C-terminus. All
PKC regulatory domains have an autoinhibitory pseudosubstrate (PS) motif. Tandem C1 domains consists of C1A
and C1B domains that are the molecular sensors of phorbol 12-myristate 13-acetate (PMA) or DAG in cPKCs and
nPKCs. The C2 domains function as calcium-dependent phospholipid-binding modules in cPKCs. The nPKCs has a
C2 like domain.

2.2.2 aPKCs
aPKCs (PKC-ι and PKC-ζ) are different from other PKC isozymes both structurally and
functionally. These two isozymes have significantly different structures than the other two
groups of PKCs. The aPKCs have four functional domains and motifs, including Phox and Bem1
(PB1) domain in the N-terminus, pseudosubstrate sequence, a C1 domain of single Cysteine-rich
zinc finger motif and a kinase domain in the C-terminus but the key residue that maintain the C2
fold is absence in this category of PKC isozyme (Figure 2.2). The PB1 domain is responsible for
interacting with other proteins such as ubiquitin-binding protein p62, Partitioning defective gene
6 product (Par-6), and MEK [26]. The pseudosubstrate domain resembles the substrate but the
only difference is that there is an Ala amino acid residue in place of Ser/Thr (act as a phospho
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acceptor for substrate), hence, the pseudosubstrate blocks the binding cavity of kinase domain by
autoinhibition mechanism [27]. The structural differences make them insensitive to Ca2+, DAG
and Phorbol ester. The primary structure of the aPKC indicates that they are 72% homologs in
regulatory and 84% homologs in catalytic domain. They are highly implicated in carcinogenic
events such as cell cycle disruption, cell survival, apoptosis and tumor progression [27].

Figure 2.2: Schematic representation of the domain structures of aPKCs
The N-terminus of the aPKC has a PB1 domain, a pseudosubstrate, a C1 domain and a Ser/Thr kinase (also called
catalytic) domain in the C-terminus. The kinase domain has an ATP binding site, activation loop, turn motif, and
hydrophobic motif.

2.3 Activation of aPKCs in cells
The activation of aPKCs comprises of two sequential events, the release of
pseudosubstrate (PS) from the catalytic active site followed by phosphorylation [28]. PKC-ι and
PKC-ζ interact with different phospholipid molecules such as phosphatidylinositols (PIs),
phosphatidic acid, arachidonic acid, and ceramide [28,29]. These interactions cause the release of
PS, activation and subsequent phosphorylation of substrate proteins. The key important
phospholipid that drew significant attention in terms of aPKC activity is PI-3,4,5 triphosphate
(PIP3). Within the cell, PIP3 is synthesized enzymatically from PI-3,4 bisphosphate (PIP2) by
PI3K, suggesting that the activation of atypical is governed by PI3K [24]. Moreover, PIP3
directly binds to the pleckstrin homology (PH) domain-containing proteins such protein kinase B
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(PKB) or Akt and PI-3 dependent kinase 1 (PDK-1) to activate them. Activated PDK1 attaches
to the hydrophobic motif of the AGC kinases to phosphorylate Thr at their activation loop
[30,31]. The aPKCs have a short amino acid sequence, Phe-Glu-Gly-Phe-Glu-Tyr), at their
hydrophobic motif that resemble the PDK-1 binding sites for the hydrophobic motif, Phe-X- (any
amino acid) Phe-Asp-Tyr, of other related protein kinases, hence, PDK-1 activates aPKC by
phosphorylating Thr residues at their activation loop [31,32].
The activity of aPKC is affected by different protein-protein interactions. Partitioning
defective gene 4 product (Par-4) interacts and inhibits aPKC by binding to C1 motif [33]. A
product of Caenorhabditis elegans partitioning defective gene 3 (Par-3), also known as the ASIP
(aPKC specific interacting protein, a mammalian homolog of Par-3) inhibits aPKC by binding to
the kinase domain. Par-6, an Outer membrane adhesin (OpcA) protein motif-containing protein
deactivate aPKC by interacting with the PB1 domain [34]. In addition, Par-6, Par-3 and aPKC
forms a heteromeric complex where Par-6 suppresses the activity of aPKC, which in turn,
reversed by the association of active Cell division control protein 42 (cdc42)/ Ras-related C3
botulinum toxin substrate 1 (Rac1) [35].
2.4 Role of aPKC in cell malignancies
In recent years, the role of aPKC in cancer is under extensive investigation.
Accumulating evidence from recent investigations suggested that PKC-ι plays an important role
as an oncogenic kinase and linked to several cancers like ovarian, colon, lung, pancreas, breast,
ovarian and prostate cancers [36]. In addition, PKC-ι expressing gene, PRKCI, is amplified in
some human cancers although cancer sometimes is not linked to the gene amplification [37]. In
Non-small cell lung carcinoma (NSCLC), PKC-ι expression is higher and linked with the
transformed cells’ phenotype harboring K-Ras mutation which ultimately triggers Rac1-Pak-
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MEK-Erk pathway [38]. PKC-ι has also been implicated in-vitro and in-vivo model of colon and
pancreatic cancer as well hedgehog signaling in basal cell carcinomas [39,40]. PKC-ι occurs as a
downstream molecule of Smoothened (SMO) to activate GLI1 transcription factor and is linked
to basal cell carcinoma cell lines. Other involvement of PKC-ι in different signaling events
during carcinogenesis include mutually antagonistic regulation of Ras homolog gene family,
member B (RhoB) in glioblastoma, linked with nuclear factor kappa-light-chain-enhancer of
activated B (NF-ĸB) pathway in prostate cancer, association of cell cycle protein Cyclin E in
ovarian cancer, and S-phase kinase-associated protein 2 (SKP-2) in esophageal cancer [41–43] .
Likewise, the expression of PKC-ζ is elevated in prostate cancer, bladder cancer, and
lymphoma [44,45], whereas it is showed to be downregulated in different other cancers such as
glioblastoma, lung cancer, renal cell carcinoma, melanoma and pancreatic cancer [46–48]. In
SASH1 human squamous carcinoma cell, PKC-ζ regulates the migration of cells by controlling
the activation of Rho GTPases [49]. Moreover, the expression of PKC-ζ is found to be almost
twice in glioblastoma cells than normal astrocytes, thus contributing to the abnormal cell growth,
migration, and invasion of glioblastoma [50]. In breast and lung cancers, activated PKC-ζ is also
linked to epidermal growth factor (EGF) induced chemotaxis which is believed to be brought by
the role of PKC-ζ as a downstream effector of PI3K/Akt pathway [51,52]. Furthermore, PKC-ζ is
involved in cell polarity pathways and is known that loss of cell polarity results in tissue
disorganization which ultimately leads to cancer development [53].
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CHAPTER THREE
PROTEIN KINASE C-ζ STIMULATES COLORECTAL CANCER CELL
CARCINOGENESIS VIA PKC-ζ/RAC1/PAK1/β-CATENIN SIGNALING CASCADE
3.1 Introduction
CRC is characterized as a heterogeneous disorder arising from various genetic mutations
that develop in the lower part of gastrointestinal tract. PKC is a family of phospholipiddependent Serine/Threonine kinases involved in many transmembrane crosstalk or signal
transduction pathways [54]. Various transformed phenotypes such as abnormal proliferation,
resistance to apoptosis, migration, invasion, and angiogenesis can be mediated by various
isoforms of PKC [55]. aPKCs differ from other PKC isoforms since they do not need
phospholipid/diacylglycerol (DAG) and Ca2+ since binding motifs for those co-factors are
absent in the N-terminal regulatory domain of aPKCs [56].The activity of aPKCs can be
regulated by PI3K, PDK1 and through some specific protein-protein interactions [57].The
protein-protein interaction between aPKCs and other proteins (effectors) for various cellular
activities are governed via a particular domain called the PB1 domain located in the regulatory
region of aPKCs [58]. PB1, a highly structurally conserved domain, mediates homo and hetero
interaction between PB1 containing proteins [59]. One of the well-characterized aPKC
interactions associated with PB1 domain might be the interaction in partitioning defective
polarity complex consisting of aPKC, polarity protein (Par6) and a small molecular weight
GTPase, Rac1 or CDC42 [58,59]. aPKCs are implicated in various tumorigenesis. PKC-ι has
been characterized by comparative genomic hybridization as the most common genomic
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amplicon and found as an oncogene in many cancers [36]. It stimulates carcinogenesis in nonsmall cell lung cancer, prostate cancer, and adenocarcinoma of the gastrointestinal tract [43,60–
62]. Overexpression of PKC-ι is also responsible for ovarian cancer, chronic myelogenic
leukemia and glioblastoma [63–65]. Likewise, the expression of PKC-ζ is found to be almost
twice in glioblastoma cells than normal astrocytes, thus contributes to the abnormal cell growth,
migration, and invasion of glioblastoma [50]. Activated PKC-ζ is also linked to epidermal
growth factor (EGF) induced chemotaxis in breast and lung cancers which are believed to be
induced by the role of PKC-ζ as a downstream effector of PI3K/Akt pathway [51,66].
Furthermore, PKC-ζ is involved in cell polarity pathways and is known that loss of cell polarity
results in tissue disorganization which ultimately leads to the cancer development [53].
The Wnt pathways in CRC are most extensively investigated because most of the CRC
samples are found to have overexpression of APC (adenomatous polyposis coli protein) or βcatenin [67]. The main component of Wnt signaling pathway is β-catenin which is a crucial
effector of degradation complex made up of axin, APC, glycogen synthase kinase-3β (GSK-3)
and Casein kinase 1α [68–70]. Upon activation of Wnt signal transduction pathway, β-catenin
enters into the nucleus and binds to TCF/LEF family of transcription factors and induces
expression of its target gene. The signal transduction that leads to carcinogenesis depends on the
regulation of signaling activity and stability of β-catenin [71,72]. Even though elevated APC or
β-catenin is believed to be associated with advanced colorectal tumorigenesis, it is argued that
none of these molecules bring about a carcinogenic event alone [73,74]. Ras-related C3
botulinum toxin substrate 1 or Rac1, a member of the subfamily of Rho superfamily of GTPases,
which in turn belongs to Ras superfamily, stimulates cancer cell metastasis through the formation
of lamellipodium and is found to be overexpressed in CRC cell samples [72,75]. Rac1 is found to
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be involved with the elevated level of the cytosolic and nuclear fraction of β-catenin [72]. One of
the most common downstream effectors of small GTPases such as Rac1 or cdc42 is P21
activated kinase or Pak1 which is also found be hyper-stimulated in CRC. Recent studies showed
that overexpressed Pak1 is associated with β-catenin in the gastric epithelium and its
downregulation would lead to a reduction in nuclear β-catenin accumulation [76,77]. Moreover,
Pak1 is also correlated with colon cancer progression and lymph node progression [78].
In this study, we demonstrated the roles of aPKCs on CCD18CO healthy colon cells and
LoVo metastatic CRC cells by applying two novel aPKC inhibitors: 1) ICA-I (nucleoside analog,
a specific inhibitor of PKC-ι and 2) ζ-Stat, a specific inhibitor of PKC-ζ (Figure 3.1). Also, we
established downstream signaling cascade that might lead to colon carcinogenesis. Our data
showed that the overexpression of PKC-ζ in CRC contributes to the development of subsequent
malignancy via PKC-ζ/Rac1/Pak1 pathway.

B
A

Figure 3.1: Structures of aPKC inhibitors
(A) ICA-I (5-amino-1-(2,3-dihydroxy-4-(hydroxymethyl) cyclopentyl)-1H-imidazole-4-carboxamide, nucleoside
analog). (B) ζ-Stat (8-hydroxynaphthalene-1,3,6-trisulfonic acid).
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3.2. Materials and method
3.2.1 Antibodies and Reagents
ICA-I and ζ-Stat were obtained from United Chem Resource (Birmingham, AL) and the
National Cancer Institute (NCI) respectively. Anti-PKC-ι (610176) and anti-E-Cadherin
(619494) antibodies were purchased from BD Biosciences (San Jose, CA, USA). The antibodies
to anti-Phospho PKC-ζ (T410) (2060), anti-PKC-ζ (9372), anti-Rac1 (2465), anti-phospho Rac1
(S71) (2461), anti-Pak1(2602), anti-phospho Pak1(T423) (2601), anti-β-Catenin (8480), antiphospho β-Catenin (S675) (4176), anti-Caspase-3 (9662), anti-Cleaved Caspase-3 (9579), antiPARP (9532), anti- Cleaved PARP (5625), anti-BCL-2 (2872), and anti-BCL-XL (2764) were
purchased from Cell Signaling Technology (Danvers, MA, USA). The antibodies purchased
from Santa Cruz Biotechnology (Dallas, TX, USA) were anti-Cofilin (sc-376476), antiRac1(sc95), anti-Lamin A/C (sc376248), and anti-Survivin (sc-374616). Anti-phospho PKC-ι
(T555) (44-968G) was purchased from Invitrogen Inc. (Carlsbad, CA, USA). siPRKCZ
(SR321432) and siRac1(SR504468) were procured from Origene (Rockville, MD, USA).
ProLong Gold Antifade Mountant with DAPI (blue) and Alexa Fluor 488 (green) conjugated
donkey anti-rabbit secondary antibody were purchased from Invitrogen Inc. (Carlsbad, CA,
USA). Two wells chamber slides were obtained from Lab-Tek (Rochester, NY, USA). Enhanced
Chemiluminescence (Super Signal West Pico Chemiluminescent Substrate) was Purchased from
Pierce (Rockford, IL, USA). Horseradish peroxidase (HRP) conjugated goat anti-mouse, and
goat anti-rabbit secondary antibodies were bought from Bio-Rad Laboratories (Hercules, CA,
USA). Nuclear and cytoplasmic extraction kit was purchased from Pierce (Rockford, MO, USA).
Water-soluble tetrazolium salt-1 (WST-1) reagent was bought from Sigma-Aldrich (St. Louis,
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MO). Eagle’s minimum essential medium (EMEM), F12K and Trypsin-EDTA were procured
from Corning (Manassas, VA, USA).
3.2.2 Cell lines and Subculture
The normal colon epithelial cells, CCD18CO (CRL-1459), and the metastatic CRC cell
line, LoVo (CCL-229) were obtained from American Type Tissue Culture Collection. The LoVo
cells and CCD18CO cells were subculture and maintained in T75 flasks containing F12K media
and Eagle’s Minimum Essential Media respectively, both flasks were supplemented with 10%
FBS (Fetal Bovine Serum) and 1% antibiotics (Penicillin 10 U/ml and streptomycin 10 mg/ml).
Cells were incubated at 37oC and 5% CO2. Cells were used for the experiments a few days
following subculture when cells were 70-80% confluent.
3.2.3 In-Vitro treatment of metastatic LoVo CRC cells and normal CCD18CO colon cells with
ICA-I and ζ-Stat
Metastatic LoVo Cells (4.0 x 103/well) and CCD18CO (4.0 x 103/well) healthy colon
cells were subcultured in 96 wells plate. After incubation for 24 hours, the cells were treated with
5μM and 7μM of either ICA-I or ζ-Stat for 72 hours. Additionally, LoVo CRC cells were treated
with 3µM of either ICA-I or ζ-Stat to obtain a better working dose. Subsequently, cells were
washed (200µl 1X DPBS buffer) and then incubated with suitable media (either F12K or
EMEM) and WST-1 reagent (final dilution of 1:10). The cells were analyzed at each 24 hours
interval at 450nm using Bio-Tek (Winooski, VT, USA) microplate reader [79].
3.2.4 Cell lysates preparation and Immunoblot analysis
Cells (1.5 x 105) were cultured in 100mm cell culture flasks. After incubation for 24
hours (to obtain at least 50% confluency), fresh media was supplied, and each experimental flask
was treated with 5μM of ICA-I or ζ-Stat. An equal volume of Dimethyl Sulfoxide (DMSO)
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vehicle control as the volume of drug) was added to the control also. After continuing the
treatment for three consecutive days, cells were placed on ice, washed with 1X DPBS, scraped
into a 1.5ml centrifuge tube and resuspended in a 500µl cell lysis buffer. The re-suspended cells
were subsequently sonicated and centrifuged at 12000rpm at 4oC for 30 minutes followed by the
determination of protein concentration using Bradford assay [80]. An equal amount of lysates
were loaded and separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDSPAGE) followed by the determination of protein levels using Western blot analysis [81].
3.2.5 4΄,6-diamidino-2-phenylindole (DAPI) staining
LoVo cells (1 x 104) were grown in 2 wells chamber slides. Twenty-four hours post
plating, cells were treated with 5µM of either ICA-I or ζ-Stat for three consecutive days. Posttreatment, cells were washed with 1X DPBS and fixed with 4% paraformaldehyde for 15
minutes at room temperature. Cellular nuclei were visualized using Prolong Gold antifade
mounting solution containing DAPI under Nikon MICROPHOT-FX microscope and pictures
were captured using ProgRes®Capture 2.9.0.1.
3.2.6 Transfection of metastatic LoVo cells and RNA interference
Approximately, 8 x 104 LoVo cells were inoculated into 60mm tissue culture plate.
Twenty-four hours post-plating, cells were transfected using Si Tran 1.0 (Origene, Rockville,
MD) according to the manufacturer instructions. SiRac1 (sequence 5ʹGUAGUUCUCAGAUGCGUAAAGCAGA-3ʹ) and SiPRKCZ (sequence 5ʹGCAUGAUGACGAGGAUAUUGACUGG-3ʹ) were used to treat the LoVo cells. Cells were
transfected with universal scrambled negative control sequence to ensure the targeted gene
silencing. Following forty-eight hours of incubation, cells were harvested and subjected to
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immunoblot analysis to determine the expression of PKC-ζ, pPKC-ζ (T410), Rac1, pRac1(S71),
Pak1, pPak1(T423), β-Catenin and pβ-Catenin (S675).
3.2.7 Immunostaining of β-Catenin translocation
Human LoVo metastatic CRC cells (1 x 104) were grown in 2 wells chamber slides,
followed by treating the cells with 5μM of either ICA-I or ζ-Stat for 72 hours. The cells were
then fixed with 4% paraformaldehyde solution for 15 minutes and fixed with 0.1% Triton X-100
in 1X DPBS for 15 minutes at room temperature. The cells were incubated with blocking buffer
(0.05% Tween-20, 5% BSA & 1X DPBS) for 30 minutes at room temperature and subsequently
incubated with primary antibody solution of rabbit mAb β-Catenin in blocking buffer (1:500
dilution) overnight at 40C. After washing with 1X DPBS, the cells were then incubated with
Alexa Flour 488 (1:1000 dilution) conjugated secondary antibodies for 1 hour at room
temperature. Following washing and DAPI staining, cells were observed under Nikon
MICROPHOT-FX microscope and images were captured using ProgRes®Capture 2.9.0.1.
3.2.8 Preparation of cytoplasmic and nuclear extracts
Cells (1.5 x 105) were grown in 100mm tissue culture plate. Following three days of
treatment with 5μM of ICA-I or ζ-Stat, cells were harvested and separated into cytoplasmic and
nuclear extracts. The instructions provided by the manufacturer were followed to fractionate
cytoplasmic and nuclear portions. The extracts were then subjected to immunoblot analysis to
determine the translocation of Phospho β-catenin at S675 and β-Catenin from the cytoplasm to
the nucleus.
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3.2.9 Immunoprecipitation
Protein (3µg) was immunoprecipitated (IP) from 300µg cell lysate suspension using
primary antibody of interest and separated by SDS-PAGE and finally analyzed by using Western
blot technique to determine the associated proteins with the IP protein [81].
3.2.10 Kinase activity assay
To test the ability of PKC-𝜁 to phosphorylate Rac1, kinase activity assay was performed
by resuspending individually IP endogenous PKC-ζ (3µg) and Rac1 (3µg) from treated and
untreated metastatic LoVo CRC cells in kinase buffer [82]. The composition of kinase buffer
was 20mM Tris-HCl (pH 7.5), 6mM magnesium acetate, phosphatidylserine (5µg), and
adenosine triphosphate (ATP) (0.96µg). Following 20 minutes of incubation in a water bath at
300C, the reaction was terminated by adding sample loading buffer on ice. Proteins were then
subjected to SDS-PAGE and immunoblotting (IB) to analyze their expression.
3.2.11 Scratch wound healing assay
LoVo metastatic CRC cells were plated into 6-well plates. At approximately 90%
confluent, a line scratched across the cell monolayer using a 100-μL sterile pipette tip. Cells were
treated using 5μM of ICA-Ior ζ-Stat. The cells that moved into the interspace of the wound line
were observed at 24hrs, 48hrs, 72hrs, 96hrs and 120hrs intervals using a phase contrast
microscope (Motic, China).
3.2.12 Densitometry
The intensity of each band was quantified using 1D analysis software, Alpha View
(Protein Simple, San Jose, California). The background intensity was subtracted from each band
to quantify the correct intensity.
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3.2.13. Statistical analysis
To determine the statistical significance of the data, the results were expressed as the
Mean +/- SEM of at least three independent experiments and compared by using student's t-test
(two-tailed). A p value of <0.05 considered for being significant.
3.3 Results
3.3.1 Overexpression of aPKC-ζ in actively proliferating LoVo metastatic CRC cells
To determine a possible role of aPKC on CRC, we examined the expression of PKC-ι and
PKC-ζ in rapidly growing cells, and serum starved slow growing cells. Based on the expression
profile, PKC-ζ was overexpressed compared to the level of PKC-ι in rapidly proliferating
metastatic LoVo cells. Moreover, the level of PKC-ζ was not as robust in CCD18CO normal
colon epithelial cells compared to metastatic LoVo cells. Furthermore, an increase in expression
of Rac1 was also observed in actively proliferating LoVo cells compared to the healthy colon
epithelial cells (Figure 3.2). These results suggest that PKC-ζ may play a significant role in
CRC carcinogenesis.

Figure 3.2: Expression profile of aPKCs and Rac1 in normal and metastatic colorectal cell
lines at different confluency.
Expression of PKC-ι, PKC-ζ and Rac1 in rapidly growing and serum starved cells. Cells were serum starved for 2448 hours. An equal amount of protein from total cell lysate was loaded in SDS-PAGE as indicated by β-Actin. N=3
independent experiments.
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3.3.2 ζ-Stat inhibits explicitly PKC-ζ in CRC cells
Concerning the catalytic domain amino acid sequences, PKC-ι and PKC-ζ are 72%
structurally homologous [56]. Therefore, our prime concern was to determine the specificity of
ICA-I and ζ-Stat in normal and malignant CRC cells. The data depict that ζ-Stat induced a
significant reduction in the protein level of both Phospho PKC-ζ at T410 (43%, p = 0.0001) and
total PKC-ζ (38%, p = 0.05). In contrast, there was no significant change in both Phospho PKC-ι
at T555 and total PKC-ι with ζ-Stat treatment (Figure 3.3A, 3.3B). However, PKC-ι inhibition
using ICA-I did not bring any significant effect in aPKCs of LoVo CRC cells’ protein expression
(Figure 3.3A, 3.3B). These results show that PKC-ζ is active in CRC cells and its inhibition
could be used as a therapeutic target.

A

B

Figure 3.3: Effect of aPKC inhibitors on aPKCs in normal (CCD18CO) and metastatic
(LoVo) colorectal cells.
(A) The Western blot analysis for the effect of ICA-I and ζ-Stat on PKC-ι and PKC-ζ in CCD18CO and LoVo cells
extracted proteins following three days of treatment. (B) The bar graph illustrates densitometry of total and phospho
aPKC proteins as a function of aPKC inhibitors. Cells were grown in 100mm cell culture plate followed by
treatment with 5μm of either ICA-I or ζ-Stat. (Mean +/- S.E.M.; N = 3)
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3.3.3 PKC-ζ/Rac1/Pak1/β-Catenin pathway is active in CRC cells
As the data revealed a change in the expression of aPKCs in CRC cells compared to
healthy colorectal cells, we targeted few pathways related to aPKC. However, we detected a
positive outcome related to a molecular pathway which is regulated by aPKCs. To examine the
proposed mechanism, we applied three different strategies: 1) treating the cells with aPKC
inhibitors, 2) treating the cells with small interfering RNAs for PKC-ζ and 3) Rac1 genes. Firstly,
the knockdown of PKC-ζ using ζ-Stat brought a significant decrease in Phospho Rac1 at S71
(45%, p = 0.001), total Rac1 (30%, p = 0.04) and a subsequent reduction in the downstream
proteins of the Rac1/Pak1/β-Catenin pathway (Figure 3.4A, 3.4B). However, treatment with
ICA-I did not result in any significant change in both normal and cancer cells. Secondly, there
was a dramatic inhibition of both Phospho Rac1 at S71 (45%, p = 0.008) and total Rac1 (20%, p
= 0.002) by silencing PKC-ζ using siPRKCZ at 30nM (Figure 3.4C, 3.4D). Finally, blocking
Rac1 using siRac1 caused a similar effect as that of ζ-Stat and siPRKCZ. There was a noteworthy
diminution of Phospho Pak1 at T423 (35% p = 0.04), and Phospho β-Catenin at S675 (35%, p =
0.002). However, no significant change was seen in PKC-ζ levels (Figure 3.4E, 3.4F). Taken
altogether, these results indicate that PKC-ζ plays a pivotal role as an upstream regulator in
regulating Rac1/Pak1/β-Catenin and thus its downregulation may reduce CRC cell progression.
3.3.4 PKC-ζ inhibition reduces β-Catenin translocation
Phosphorylation of β-Catenin at Serine 675 results in the accumulation of β-Catenin in
the nucleus and induces transcription of targeted genes [83]. To determine the effect of PKC-ι
and PKC-ζ on the translocation of β-Catenin, we performed immunostaining of β-Catenin, as
well as, extracted the cytoplasmic and nuclear fractions separately. Immunofluorescence study
demonstrated that the β-Catenin localized mostly in the cell membrane or peri-membrane region
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Figure 3.4: PKC-ζ regulates Rac1/Pak1/β-Catenin pathway.
The cells were treated for three days. (A) Immunoblot analysis is showing that PKC-ζ inhibition provoked the
subsequent reduction of Phospho Rac1 at S71, Rac1, Phospho Pak1 at T423, Phospho β-Catenin at S675 and βcatenin of the whole signaling cascade. (B) The bar charts are representing the corresponding band intensities. (C)
Immunoblot analysis is presenting the effect of SiPRKCZ following 48 hours of incubation. Diminishing PKC-ζ by
applying SiPRKCZ results in the diminution of Phospho Rac1 at S71, Rac1, Phospho Pak1 at T423, Pak1, Phospho
β-Catenin at S675, and β-Catenin. (D) Protein band intensities from immunoblotting were quantified by
densitometry as represented by bar chart (E) Immunoblot depicting the effect of SiRac1after incubating for 48
hours. Rac1 knockdown downregulates Phospho Pak1 at 423, Pak1, Phospho β-Catenin at S675, β-Catenin. (F) The
band intensities were analyzed using densitometry. (N = 3 independent experiments Mean +/- S.E.M).
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in ζ-Stat treated cells compared to control (Figure 3.5A). Likewise, Immunobloting analysis of
cytoplasmic and nuclear fractions showed that the inhibition of PKC-ζ resulted in decreased
translocation of both transcriptional active Phospho β-catenin S675 (50% p = 0.0008) and total
β-Catenin (approx. 30% p = 0.009) levels from cytoplasm to nucleus, but the inhibition of PKC-ι
using ICA-I did not bring any significant change in β-Catenin translocation (Figure 3.5B, 3.5C).
These results indicate that the PKC-ζ might be a necessary switch of β-Catenin translocation
from cytoplasm to nucleus.
3.3.5 PKC-ζ directly associates with Rac1
To further demonstrate the association of aPKCs with Rac1, both PKC-ι and PKC-ζ were
IP individually and checked for the associated proteins. Rac1 was found to be associated heavily
with PKC-ζ (50% more, p = 0.003) compared to PKC-ι (Figure 3.6A, 3.6B). Our results
illustrate that upon treatment of metastatic LoVo colorectal cells with ζ-stat, there was a dramatic
decrease in the association of Phospho Rac1 (S71) (75%, p = 0.014), Phospho Pak1 (T423)
(55%, p = 0.04) and Phospho β-Catenin (S675) (35%, p = 0.04) in response to PKC-ζ inhibition
(Figure 3.6A, 3.6B). These data suggest that the PKC-ζ might be an important upstream
regulator of Rac1/Pak1/β-Catenin signaling cascade.
3.3.6 PKC-ζ directly phosphorylates Rac1 at Serine 71 residue in-vitro
Since we found a direct association of PKC-ζ and Rac1in LoVo colorectal cells,
following the treatment of cells with ζ-Stat, we performed an in-vitro kinase activity assay of
PKC-ζ with Rac1 to confirm whether PKC-ζ is a possible kinase for Rac1. The protein level of
both Phospho (S71) and pan Rac1 was found to be significantly high in co-IP of PKC-ζ and Rac1
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Figure 3.5: PKC-ζ inhibits translocation of β-Catenin from cytosol to nucleus.
Cells were treated with aPKC inhibitors for 72 hours. (A) Immunostaining of β-Catenin translocation. Cells were
immunostained for β-Catenin (green) and counterstained with DAPI (blue). Merged image of β-Catenin and DAPI is
also shown. Original magnification: 40X. (B) Cytosolic and nuclear fractions of LoVo cells extract were separated
and subjected to Western blot analysis. α-tubulin and Lamin A/C were used as loading controls for cytoplasmic and
nuclear extracts, respectively. (C) The effect of aPKC inhibitors on cytosolic and nuclear β-catenin was quantified
using densitometry. (Mean +/- S.E.M, N=3 independent experiments).
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Figure 3.6: Association of Rac1/Pak1/β-Catenin pathway proteins with aPKCs.
(A) PKC-ι and PKC-ζ were IP (3μg) separately from whole cell extracts (300μg) of both treated (72 hours) and
untreated metastatic LoVo cells using respective antibodies and evaluated for different associated proteins of the
Rac1/Pak1/β-Catenin pathway. The IP samples were then separated by SDS-PAGE and subjected to Western blot
analysis. (B) The effect of aPKC inhibitors on total and phospho Rac1, Pak1 and β-Catenin was quantified using
densitometry. (Mean +/- S.E.M, N = 3 independent experiment).

compared to separately IP samples. In contrast, there was no pPKC-ζ (T410) association found
with individually IP Rac1 suggesting that Rac1 is a possible downstream substrate of PKC-ζ in
CRC cells. Furthermore, inhibition of PKC-ζ produced a drastic decrease in the level of pPKC-ζ
at 410, pRac1 at S71, PKC-ζ and Rac1 (p < 0.05 for all proteins) (Figure 3.7A, 3.7B). These
results support the role of PKC-ζ as a possible kinase for Rac1.
3.4 Discussion
In the development of cancer therapy, Protein kinase Cs are a target because of their
potential involvement in tumorigenesis. To date, PKCs have been found to be a primary
regulator of breast, lung, liver, colon, prostate, hematopoietic lymphoma, and leukemia [84].
Most importantly, PKCs are so diversified regarding their biological functions because of their
structural differences, hence, they may act very distinctively during cancer progression and
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careful dissection of individual PKCs’ functions need to be investigated for the development of
the new therapeutic strategy to combat cancer.

A

E

B

Figure 3.7: Kinase activity assay of PKC-ζ on Rac1.
(A) Three days of ζ-Stat treatment inhibits the activity of PKC-ζ, hence, the phosphorylation of Rac1. Cells were
treated with either DMSO or ζ-Stat. PKC-ζ and Rac1 were IP (3μg) separately as well as co-IP from whole cell
extracts (300μg) using specific antibodies. The left lane represents the negative control. The proteins were then
separated by SDS-PAGE, followed by immunoblotting to determine the pPKC-ζ at T410, pan PKC-ζ. pRac1 at S71
and pan Rac1. (B) The intensity of respective bands was quantified using densitometry. (Data represents N = 3
independent experiments; Mean +/- S.E.M).

Among the PKCs, a sub-class called aPKC (PKC-ι and PKC-ζ) is of particular interest in
carcinogenesis because they have substantial structural and regulation differences compared to
other classes of PKCs. Previously, the Acevedo-Duncan lab found that the PKC-ι was
overexpressed and involved in prostate cancer, glioma, and neuroblastoma carcinogenesis
regulation through the PKC-ι/IKKαβ/NF-кB, PKC-ι/Cdk7/Cdk2, and PKC-ι/Bad/Bcl-XL
pathways [60,62]. In recent years, another member of aPKC family, PKC-ζ, has also been
explored extensively and found to be associated with the progression of many cancers, for
instances, in breast cancer, leukemia, prostate cancer [51,85,86].
In this study, we investigated both aPKCs (PKC-ι and PKC-ζ) to understand their roles in
colon carcinogenesis. We found that in rapidly growing metastatic LoVo cells, there was an
elevated expression of PKC-ζ compared to CCD18CO normal epithelial cells (Figure 3.2). We
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correlated these findings with a cancer progression signaling pathway. Our preliminary study of
anti-aPKC activity of inhibitors showed that ICA-I and ζ-Stat selectively block the functionality
of PKC-ι and PKC-ζ, respectively in treated colorectal cells (Figure 3.3).
To determine an aPKC-ζ mediated pathway that may induce colorectal tumorigenesis, a
hypothetical signaling cascade by which PKC-ζ may promote disease progression has been
investigated. In colorectal carcinogenesis, K-Ras/Rac1/JNK2 and K-Ras/Rac1/Pak1/β-catenin
signaling pathways control nuclear localization of β-catenin in response to Wnt stimulation
[72,74,87]. Since PRKCZ was found to be overexpressed in large intestine tissue samples [88]
and we obtained a proportional increase in the levels of Rac1 and PKC-ζ in rapidly growing
cells, we hypothesized that Rac1 might be interconnected to PKC-ζ that ultimately leads to
subsequent carcinogenic events.
Our results showed that in response to ζ-Stat and siPRKCZ, the level of both total Rac1
and Phosphorylated Rac1 at S71 decreased in LoVo CRC cells. In contrast, in response to PKC-ι
inhibition using ICA-I did not bring any significant change. Subsequently, Pak1, Phospho Pak1
at T423, β-Catenin and Phospho β-Catenin at S675 levels were also reduced concerning PKC-ζ
knockdown but not with PKC-ι inhibition (Figure 3.4). In addition, after treating the metastatic
cells with siRac1, there was no significant change in the expression of both PKC-ζ and Phospho
PKC-ζ at T410, but the expression of possible downstream proteins of Rac1 decreased
dramatically reinforcing the hypothesis that the PKC-ζ might be a potent upstream kinase of
Rac1 (Figure 3.4). Moreover, the phosphorylation of β-Catenin at S675 by Rac1/Pak1 signaling
strengthen the translocation and transcriptional activity of β-Catenin in CRC cells [72,87]. Our
immunostaining study showed that PKC-ζ inhibition caused the localization of β-Catenin to the
membrane and cytoplasm primarily, likewise, a similar response was also found with PKC-ι
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inhibition. However, our correlation study of immunoblotting revealed that the PKC-ζ inhibition
drastically diminished the accumulation of β-Catenin in the nucleus compared to both control
cells and PKC-ι inhibited cells (Figure 3.5).

Figure 3.8: PKC-ζ stimulates the Rac1/Pak1/β-Catenin Pathway
PKC-ζ directly interacts and induces activation of Rac1. The activation of Rac1 facilitates phosphorylation of Pak1,
which in turn promotes phosphorylation and dissociation of stable β-Catenin from the degradation complex. This
leads to nuclear translocation of transcriptional active β-Catenin. β-Catenin subsequently transcribes targeted genes
that provokes CRC cell growth, proliferation, and metastasis. The whole PKC-ζ/Rac1/Pak1/β-Catenin pathway of
CRC carcinogenesis may be shut down by inhibiting PKC-ζ using ζ-Stat or SiRNA for PKC-ζ.

To decipher the aforementioned hypothesis further, we tested the association of PKC-ζ
with Rac1. Our results demonstrate that endogenous PKC-ζ is not only associated with Rac1 but
also in response to PKC-ζ knockdown using ζ-Stat, the level of all suggested proteins of the
Rac1/Pak1/β-Catenin pathway was reduced (Figure 3.6). In contrast, in response to PKC-ι
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inhibition using ICA-I, there was no significant change. Moreover, in-vitro kinase assay showed
that endogenous PKC-ζ heavily associated with Rac1. Furthermore, PKC-ζ knockdown brought a
notable dissociation of Rac1 from PKC-ζ and a decrease in Rac1 phosphorylation (Figure 3.7).
3.5 Conclusion
Collectively, these results suggest that PKC-ζ may promote the CRC progression by
regulating Rac1/Pak1/β-Catenin pathway (Figure 3.8). Thus, we can assume that PKC-ζ
overexpression is a prognostic marker for CRC and could be used as an attractive therapeutic
target. Additionally, PKC-ι may also play a role in CRC cells proliferation, but further study
needs to be performed to understand the underlying mechanism.
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CHAPTER FOUR
THE MODULATION OF ACTIN DYNAMICS VIA ATYPICAL PROTEIN KINASE-C
ACTIVATED COFILIN REGULATES METASTASIS OF COLORECTAL CANCER
CELLS.
4.1 Introduction
The current therapeutic options for treating CRC are confined to surgical removal of the
tumor, chemotherapy, and radiation. Metastasis is an essential factor in a patient’s death with
CRC [89]. The assembly of actin filaments at the leading edge drives the movement of the cells
by generating cell protrusion force during invasion and migration [90]. Actin-binding proteins
(ABP) regulate actin filaments dynamics by controlling polymerization and depolymerization
and the formation of actin-based bundles and cellular protrusions [91,92]. A significant member
of ABP superfamily known as Cofilin/actin depolymerizing factor (ADF) plays an essential role
in actin-filaments turnover by depolymerizing and severing filamentous actin [93–95]. The
regulation of Cofilin activity depends on its phosphorylation and dephosphorylation [96]. The
phosphorylation of Cofilin at Serine-3 by different kinases such as LIM kinase 1 (LIMK1) and
LIM kinase 2 (LIMK2) make it unable to bind and sever filamentous actin [97,98]. However,
phosphatases such as Slingshot (SSH), Protein Phosphatase1 (PP1), Protein Phosphatase 2A
(PP2A), Protein Phosphatase 2B (PP2B), and chronophin dephosphorylate Cofilin at Serine 3 to
render it active [99–101].
Although the exact mechanism of migration and chemotaxis is complex and far from
complete elucidation, the Protein Kinase C (PKC) family of enzyme drew significant attention
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over the last few decades as a critical regulator of chemotactic cell migration [102,103].
Phosphorylation of many downstream substrates by PKC regulates the growth, transcriptional
regulation, learning, memory, polarity, chemotaxis, migration, and adhesion in different cell
types [104–106]. For instances, PKC-α mediated phosphorylation of integrin α6β4 drove the
mobilization of integrin from hemidesmosomes and associated with actin cell protrusion to
regulate the migration of cancerous cells [107]. In MDA-MB-468 breast cancer cells, PKC-δ
plays an essential role in the persistent migration of EGFR overexpressed cells by controlling the
EGF dependent phosphorylation of the light chain of myosin [108]. PKC-ι controls cell cycle
progression by regulating CAK/CDK7 in glioma cells [109]. Moreover, PKC-ι is also involved
in the metastasis and angiogenesis of pancreatic cancer via stimulating Rac1/MEK/ERK pathway
[40]. Likewise, PKC-ζ regulates the survival, growth, and polarity of the cancer cells by
regulating NF-ĸb and Jak/Stat signaling pathway [110]. Additionally, PKC-ζ converges with the
Receptor Tyrosine Kinase (RTK), and G-protein coupled receptor-mediated chemotactic signals
in breast and lung cancers cell lines [66,111].
In this study, we used two novel inhibitors of aPKC: ICA-I and ζ-Stat (Figure 3.1),
selective for PKC-ι and PKC-ζ respectively, to examine the metastatic behavior of CRC cells.
We established that the aPKC modulates actin cytoskeleton in colorectal cancer cells by
regulating Cofilin via a slingshot isoform, SSH2. Upon PKC-ι and PKC-ζ knockdown, there was
an increased expression of p-Cofilin (S3) which was directly correlated to the metastatic
behavior of the cancerous cells. Our data indicate that the inhibition of aPKC will be a robust
therapeutic approach as it disrupts the actin dynamics of the CRC cells.
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4.2 Materials and Method
4.2.1 Antibodies and Reagents
ICA-I and ζ-Stat were obtained from United Chem Resource (Birmingham, AL) and the
National Cancer Institute (NCI), respectively. Anti-PKC-ι (610176) and anti-E-Cadherin
(619494) antibodies were purchased from BD Biosciences. The antibodies to anti-Phospho PKCζ (T410) (2060), anti-PKC-ζ (9372), anti-SSH1 (13578), anti-Caspase-3 (9662), anti-Cleaved
Caspase-3 (9579), anti-PARP (9532), anti-Cleaved PARP (5625), anti-BCL-2 (2872), anti-BCLXL (2764), anti-ARP2 (5614), anti-α-Tubulin (2125), and anti-GAPDH (5174) were procured
from Cell Signaling Technology. The antibodies obtained from Santa Cruz Biotechnology were
anti-Cofilin (sc-53934), anti-Phospho Cofilin (S3) (sc-271921), anti-Survivin (sc-419153). AntiPhospho PKC-ι (T555) (ab5813), anti-Phospho PKC-ζ (T560)(ab59412), and Phalloidin iFluor
594 conjugate (ab176757) were purchased from Abcam. The anti-SSH2 (20674-1-AP) antibody
was obtained from ProteinTech. The anti-Phospho SSH (S978)(SP3901) antibody was purchased
from ECM Biosciences. The G-actin/F-actin in-vivo assay Biochem kit (BK037) was purchased
from Cytoskeleton Inc. The siRNAs, siPRKCI (SR321426), and siPRKCZ (SR321432) were
procured from Origene. The cell dissociation solution, coating buffer and basement membrane
extract (BME) were obtained from Trevigen Inc. The HyQtase cell detachment solution
(SV3003001) was procured from Hyclone Inc. Calcein AM (C3100MP) was obtained from
Molecular Probes. Enhanced Chemiluminescence (Super Signal West Pico Chemiluminescent
Substrate) (34580) was Purchased from Pierce. Horseradish peroxidase (HRP) conjugated goat
anti-mouse (1706516), and goat anti-rabbit (1706515) secondary antibodies were bought from
Bio-Rad Laboratories. Water-soluble tetrazolium salts (WST-1) (11644807001) reagent was
bought from Sigma-Aldrich. Eagle’s minimum essential medium was obtained from Corning.
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Anti-β-actin (MA5-15739-HRP) antibody, F12K media, and Trypsin-EDTA (ethylene diamine
tetra-acetic acid) were purchased from Thermo Fisher Scientific.
4.2.2 Cell lines and Subculture
The healthy colon epithelial cells, CCD18CO, and metastatic CRC cell lines, LoVo and
RKO, were obtained from American Type Tissue Culture Collection (ATCC). The CCD18CO
and RKO cells were sub-cultured and maintained in Eagle's Minimum Essential Medium
(EMEM), and LoVo was sub-cultured and maintained in F12K media. All the flasks were
supplemented with 10% Fetal Bovine Serum (FBS) and 1% antibiotics (Penicillin 10 U/ml and
streptomycin 10 mg/ml). Cells were incubated at 37oC and 5% CO2. Cells were used for the
experiments a few days following subculture at 70-80% confluent.
4.2.3 Cell lysates preparation and Immunoblot analysis
The experiments were performed as per the experimental procedures described in our
previous article [112].
4.2.4 Transwell invasion and migration assay
After starving for 24 hours, cells were detached from the flask’s surface using cell
detachment solution and re-suspended in serum-free media followed by plating into the upper
chamber of 96 wells Transwell permeable support (pore size: 8μm) that has been coated with
0.3x Basement Membrane Extract (BME). Serum containing media was loaded into the receiver
plate (lower chamber) as a chemoattractant. LoVo and RKO cells at the upper chamber were
treated with 7μM of either ICA-I or ζ-Stat for six days and three days, respectively. Following
treatment, the invasive cells at the lower chamber were stained with Calcein AM, a fluorescent
dye, and quantified using Bio-Tek microplate reader (Winooski, VT) at excitation and emission
wavelengths of 485/520nm.
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For migration assay using transwell plate, the same procedure of invasion study was
followed, but the transwell inserts were not coated with BME solution.
4.2.5 Scratch wound healing assay
This assay is performed following the experimental design as our previous work [112].
4.2.6 Crystal violet staining
Cells were serum starved for 24 hours, followed by detachment and plating into the upper
chamber of 96 wells Transwell permeable support (pore size: 8μm) coated with and without 0.3x
Basement Membrane Extract (BME) for studying migration and invasion respectively. Serum
(10%) containing media was loaded into the receiver plate (lower chamber) as a chemoattractant.
LoVo and RKO cells at the upper chamber were treated with 7μM of either ICA-I or ζ-Stat for
six days or three days respectively. The invasive cells in the lower chamber were then fixed with
4% paraformaldehyde, stained with 1% crystal violet in 2% ethanol, washed with water and
photographs were captured after drying.
4.2.7 Phalloidin staining of filamentous (F) actin
CRC cells were grown in 2-wells chamber slides coated with poly D-lysine (1mg/ml).
Following treatment for three consecutive days with 7μM of either ICA-I or ζ-Stat, cells were
fixed with 4% paraformaldehyde. F-actin was subsequently stained with 1X Phalloidin-iFluor
594 in 1% bovine serum albumin (BSA)-phosphate buffered saline (PBS) solution for an hour at
room temperature. Cells were washed, counterstained with DAPI and examined under Nikon
MICROPHOT-FX fluorescence microscope (Ex/Em = 590/618) and photographs were captured
using ProgRes®Capture 2.9.0.1.
4.2.8 4΄,6-diamidino-2-phenylindole (DAPI) staining
The procedures followed was identical as in our previously published study [112].
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4.2.9 Filamentous (F) and Globular (G) actin fractionation
Fractionation of F-actin and G-actin was performed according to manufacturer instruction
with G-Actin/F-actin in-vivo assay kit. Briefly, CRC cells were grown in 100mm tissue culture
plate and treated with 7μM of either ICA-I or ζ-Stat for three consecutive days. Cells were then
lysed with cell lysis buffer containing F-actin stabilizing buffer to extract G-actin, followed by
extraction of F-actin. The F-actin was then depolymerized using an F-actin depolymerizing
buffer to convert F-actin to G-actin. F/G fractions were resolved using the 10% SDS-PAGE and
immunoblotted using Actin antibody. The intensity of bands from different fractions was then
quantified by densitometry.
4.2.10 Transfection of metastatic CRC cells and RNA interference
Approximately, 1 x 106 CRC cells were inoculated into 60mm tissue culture plate.
Twenty-four hours post-plating, cells were transfected using Si Tran 1.0 (Origene, Rockville,
MD) according to the manufacturer instructions. The siPRKCI (sequence 5ʹUUAUGAGCUAAACAAGGAUUCUGAA-3ʹ) and siPRKCZ (sequence 5ʹAGUAGAGCACAAGAACGAGGACGCC-3ʹ) were used to transfect the LoVo and RKO cells.
Additionally, cells were also transfected with universal scrambled negative control sequence to
ensure targeted gene silencing. Following forty-eight hours of incubation, cells were harvested
and subjected to immunoblot analysis to determine the expression of PKC-ι, PKC-ζ, SSH1,
SSH2, Cofilin and pCofilin (S3).
4.2.11 Densitometry
The intensity of each band was quantified using 1D analysis software, Alpha View
(Protein Simple, San Jose, California) and Image Studio Lite Ver 5.2 (LI-COR Biosciences,
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Lincoln, NE). The background intensity was subtracted from each band to quantify the correct
intensity.
4.2.12 Statistical analysis
To determine the statistical significance of the data, the results were expressed as the
Mean +/- Standard error of the mean (S.E.M) of at least three independent experiments. P values
were calculated based on Student t-test (two-tailed) and one-way ANOVA using GraphPad
Prism 7.04 or Microsoft Excel software. A p value of < 0.05 was considered significant.
4.3 Results
4.3.1 Expression profile of aPKC in rapidly growing and serum starved healthy and malignant
colorectal cells
To establish the role of aPKC in colorectal cancer the very first experiment performed
was the determination of aPKC expression profile in rapidly growing and serum starved slow
growing normal and colorectal cancerous cells. Our data indicated that the expression of PKC-ζ
was higher in rapidly growing CRC cells (both LoVo and RKO) compared to the healthy cell
(CCD18CO). Additionally, PKC-ι was also found to be elevated in fast-growing metastatic RKO
cell. However, the expression profile of aPKC in the normal cell was not as robust as in
cancerous cells (Figure 4.1). These results suggest that the aPKC might play an essential role in
CRC cells progression.
4.3.2 ICA-I and ζ-Stat inhibit PKC-ι and PKC-ζ respectively
It was necessary to determine the selectivity of the inhibitors used. Therefore, cells (both
normal and malignant) were treated with 7μM of either ICA-I or ζ-Stat and examined for the
expression of aPKC. Our data revealed that with the treatment of ζ-Stat, the levels of both
phospho and Pan PKC- ζ decreased by more than 30% (p < 0.05) in CRC cells. Additionally,
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ICA-I brought a significant reduction in the Phospho PKC-ι (T555) by more than 45% (p < 0.05)
in RKO cells but not in LoVo. In contrast, the inhibitors did not induce any notable change in the
aPKC levels of the healthy cell (Figure 4.2A, 4.2B). These observations indicate that the
inhibitors are specific for the respective aPKC in CRC cells and their inhibition could be used as
a therapeutic target to encounter colorectal cancer progression.

Figure 4.1: Expression profile of aPKCs in normal and metastatic CRC cells.
Cells were grown with and without serum over a period of 48 hours. Whole cell lysate was prepared and an equal
amount of protein from the lysates was subjected to western blot analysis, followed by examining PKC-ι and PKC-ζ
expression in rapidly growing and serum starved cells. β-Actin was used as a loading control. N = at least 3
independent experiments.

4.3.3 aPKC regulates CRC cells migration and invasion
Our previous study showed that PKC-ζ regulates the growth of colorectal cancers cells
via PKC-ζ /Rac1/Pak1/β-Catenin pathway [112,113]. Our next target was to examine the role of
aPKC in another hallmark of cancer, metastasis. To gain insight into the anti-migratory and antiinvasive potential of aPKC inhibitors, we performed three different strategies: scratch wound
healing assay, transwell migration-invasion assay and crystal violet staining of the cells passed
through BME. The data from scratch assay revealed that the treatment (six days) of LoVo with ζStat (at 7μM) decreased the rate of wound closure by approximately 45% (p < 0.05) compared to
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Figure 4.2: aPKC inhibitors reduced the expression of both phospho and pan level of
aPKCs.
(A) Western blot analysis for the effect of ICA-I and ζ-Stat on PKC-ι and PKC-ζ in CCD18CO, LoVo and RKO
cells following three days of treatment. (B) The bar graphs illustrate densitometry of total and phospho aPKC
proteins as a function of aPKC inhibitors. Cells were grown in 100mm cell culture plate followed by treatment with
7μM of either ICA-I or ζ-Stat. Mean +/- S.E.M.; N = at least 3 separate experiment; * = 0.05, ** = 0.02, *** =
0.01(indicates p value).
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control. The treatment (three days) of RKO with both aPKC inhibitors (ICA-I and ζ-Stat, at
7μM) showed a prolonged rate of wound closure (approximately 35%, p < 0.02) compared to
control. However, treatment with ICA-I did not bring any significant effect in LoVo (Figure
4.3A). Similarly, the transwell migration and invasion assay results showed that aPKC
knockdown significantly inhibited the chemotactic migration of LoVo (approximately 40%, p <
0.05) and RKO (approximately 40%, p < 0.01) CRC cells (Figure 4.3B). According to our
transwell invasion and crystal violet staining assays, the treatment (at 7μM) of both ICA-I and ζStat decreased the number of RKO cells that invaded through the BME (approximately 45%, p <
0.01), likewise, in response to ζ-Stat, the number of LoVo cells that passed into the lower
chamber of transwell plate through the BME was reduced remarkably (about 50%, p < 0.02)
(Figure 4.3C). E-Cadherin, a cell adhesion molecule, is often downregulated and considered to
be a crucial mediator of epithelial to mesenchymal transition (EMT) during metastasis [114].
Additionally, there was an elevated expression of E-Cadherin, as a function of PKC-ζ inhibition
in LoVo, and PKC-ι and PKC-ζ inhibition in RKO (Figure 4.3D, 4.3E). These data indicate that
aPKC is a crucial regulator in CRC migration and invasion.
4.3.4 aPKC controls Cofilin/p-Cofilin ratio via Slingshot
Our next target was to study possible protein(s) that drives the changes in the cytoskeletal
phenotype of CRC cells. Since actin filaments are the major components of cell cytoskeleton, we
decided to test the essential actin binding candidate namely Cofilin as it severs F-actin to
promote polymerization. Our results showed that the treatment of ζ-Stat reduced the amount of
total Cofilin by more than 30% (p < 0.05) and increased the Phospho Cofilin at S3 by 50% (p <
0.05) in both CRC cells. Additionally, ICA-I showed the similar shift in RKO but not in LoVo
(Figure 4.4A, 4.4B). Slingshot proteins are significant phosphatases that act on Cofilin activity
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Figure 4.3: aPKCs regulate migration and invasion of colorectal cancer cells.
(A) Metastatic LoVo and RKO cells were grown to approximately 90% confluency and subjected to wound healing
assay by making a scratch using sterile 100µl pipette tip along with aPKC inhibition treatment. (B) The bar charts
represent the number of cells migrated in transwell plate against chemotactic gradient. (C) Crystal violet stained
cells, and bar charts show the number of CRC cells that passed through BME into the lower chamber of transwell
plate. (D) Expression of E-cadherin, a cell adhesion protein, in treated healthy and CRC cells. (E) Densitometry of
E-cadherin expression. All the experiments were performed at least three times. Mean +/- S.E.M. * represents p
value (* < 0.05, ** < 0.02, *** < 0.01).
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[115]. We established that the phosphatase SSH2 levels in LoVo and RKO decreased
dramatically (50% in LoVo, p < 0.02; and 30% in RKO, p < 0.05) with 7μM ζ-Stat, however, the
phospho SSH at 978 and SSH1 levels did not change significantly. Similarly, 7μM ICA-I
decreased the SSH2 expression by 42% (p < 0.05) in RKO but not in LoVo. Conversely,
CCD18CO healthy colon cells were insensitive to aPKC knockdown treatment (Figure 4.4A,
4.4B). As a proof of concept, we also tested the expression of PKC-ι, PKC-ζ, SSH1, SSH2,
pCofilin(S3) and Cofilin in siPRKCI and siPRKCZ transfected CRC cells. Our findings
illustrated that the siPRKCI and siPRKCZ transfected CRC cells showed a similar trend in the
expression of targeted proteins as in cells treated with ICA-I and ζ-Stat (Figure 4.4C, 4.4D).
These data suggest that aPKC stimulates actin remodeling in CRC cells by regulating Cofilin via
SSH2.
4.3.5 aPKC controls filamentous actin and actin dynamics
During chemotaxis, two crucial events are cytoskeleton rearrangement and adhesion
which are regulated by PKC-ζ [111]. To investigate how spreading and metastasis of the CRC
cells are affected by aPKC, actin filaments were examined under the microscope with phalloidin
conjugate following aPKC inhibition. Down-regulation of PKC-ζ provoked excellent actin
filaments organization in both CRC cells compared to control cells that contained less organized
actin filament (Figure 4.5A, 4.5B). Likewise, ICA-I significantly changed the actin filaments
organization in RKO cell as well (Figure 4.5B). After observing changes in cells migratory
behavior and actin filaments, we also decided to study actin dynamics. Hence, we determined the
fractions of F-actin and G-actin in treated and untreated LoVo ad RKO cells. In response to
PKC-ζ knockdown, the ratio of F/G actin increased significantly (approximately 35%, p < 0.02)
in both CRC cells (Figure 4.5C). Additionally, inhibition of PKC-ι increased the F/G ratio by
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31% (p < 0.02) in RKO cell too (Figure 4.5C). These results suggest that aPKC facilitates
metastasis of CRC cells by modulating actin dynamics.

A

B

C

D

Figure 4.4: aPKC controls actin organization by regulating Cofilin via SSH2 in CRC cells.
(A) Immunoblot analysis shows the effect of ICA-I and ζ-Stat in healthy and CRC cells following three days of
treatment. Proteins tested were pSSH (S978), SSH1, SSH2, pCofilin (S3) and Cofilin. (C) The expression of PKC-ι,
PKC-ζ, SSH1, SSH2, pCofilin (S3) and Cofilin in siPRKCI and siPRKCZ transfected CRC cells. (B & D) The bar
charts are representing the corresponding band intensities. α-tubulin was probed as a loading control. All
experiments were performed for at least 3 independent times. Mean +/- S.E.M and * represents p value (* < 0.05, **
< 0.02, *** <0.01).
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4.3.6 aPKC inhibition prevents the dendritic branches by blocking ARP2
Actin-related protein 2, ARP2, resembles monomeric actin and coordinately
overexpressed with Cofilin in motile cells [116]. ARP2 synergistically interacts with Cofilin to
produce dendritic nucleation which pushes the cell membrane inducing cell protrusion and
lamellipodia extension [117]. To establish the fate of branching structures of actin filaments in
aPKC knockdown cells, we examined the expression of ARP2 in ICA-I and ζ-Stat treated cells.
Our data showed that the expression ARP2 decreased by more than 50% (p < 0.02) in LoVo with
the inhibition of either PKC-ι or PKC-ζ. Additionally, ICA-I brought a significant reduction
(approx. 35%) of ARP2 levels in RKO cell (Figure 4.6A, 4.6B). These results indicate that the
aPKC may also regulate dendritic nucleation in motile CRC cells.
4.4 Discussion
Our current understanding concerning PKCs recalls that they are functionally pleiotropic
protein kinases involved in various parallel and cross signaling events that regulate different
cellular processes such as proliferation and metastasis [118]. During carcinogenesis, PKCs are
active and found to be elevated in many cancers, such as breast, lung, liver, colon, and prostate.
[84]. Most importantly, each isoform of PKC family may act distinctively in the biological
system and tumorigenesis. Therefore, careful dissection of PKC function and tailored
intervention strategy in cancer progression need to be established.
Colorectal adenocarcinoma is cancer that originates from glands found in the wall of the colon
and rectum and accounts for 96% of CRC [119]. Thus, the rationale for choosing LoVo and
RKO in this study was that both cells represent colorectal adenocarcinoma. aPKC is highly
expressed in more than 120 colorectal adenocarcinoma tissue samples [120], likewise, in this
study, PKC-ζ is overexpressed in both CRC cells and PKC-ι in RKO cells (Figure 4.1).
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Figure 4.5: aPKC regulates filamentous actin content and actin dynamics.
Cells were treated with aPKC inhibitors for 72 hours. (A, B) Cells were stained with Phalloidin iFluor 594 and
counter stained with DAPI. Original magnification: 20X and scale bars represent 10μm. (C) F-actin and G-actin
were fractionated from control and treated cells followed by Western blot analysis. The F and G-actin were
quantified using densitometry followed by determining F/G actin ratio. (Mean +/- S.E.M, N= at least 3 independent
experiments, * indicates p value where * < 0.05, ** < 0.02, *** < 0.01 ).
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The selectivity of the inhibitors in different CRC cell lines was necessary because of high
structural similarity (72% identical) of aPKC isoforms. Our data illustrated that ICA-I and ζ-Stat
inhibited PKC-ι and PKC-ζ, respectively (Figure 4.2).

A

B

Figure 4.6: Expression of actin related protein 2, ARP2 in normal and CRC cells.
Cells were grown and treated with aPKC inhibitors for three consecutive days. Equal amount of cell lysate was
subjected to Western blot analysis. (A) Expression of ARP2, an actin nucleating protein in healthy and cancerous
cells. α-Tubulin was used as a loading control. (B) The bar charts represent corresponding band intensity. N = 3
independent experiments. Mean +/- S.E.M. * represents p value (* < 0.05, ** < 0.02, *** < 0.01)

Previously, our published study showed that the PKC-ζ regulate the growth and
proliferation of CRC cells by stimulating Rac1/Pak1/β-Catenin pathway [112,113]. In this study,
we evaluated the functional role of aPKC in the metastasis of CRC cells. Firstly, we performed
two primary metastasis assays, namely scratch wound healing assay and serum gradient induced
chemotaxis assay, using metastatic LoVo and RKO cells. In each case, the treatment of aPKC
inhibitors impaired the migration and invasion of the CRC cells. Briefly, PKC-ζ inhibition
blocked the metastasis of both CRC cells and PKC-ι knockdown brought a significant reduction
of migration and invasion of RKO as indicated by our scratch wound healing assay, crystal violet
staining and transwell migration-invasion assay (Figure 4.3). In LoVo, even though the
knockdown of PKC-ι did not bring any significant change in the scratch wound recovery assay
(Figure 4.3), a notable change was observed in the serum gradient induced chemotaxis assay
with the treatment of ICA-I (Figure 4.3). The exact reason for this finding could not be
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deciphered. However, the inhibition of PKC-ζ induced the upregulation of E-Cadherin in both
CRC cells, whereas, only PKC-ι knockdown promoted the increased E-Cadherin levels in LoVo
(Figure 4.3). Furthermore, our subsequent metastatic investigation of LoVo showed that only
PKC-ζ could regulate the metastasis of LoVo by modulating actin organization.
The crawling movement of metastatic cancerous cells from one place to another is driven
by the actin polymerization and depolymerization. Cofilin is an actin-binding protein (ABP)
which regulates actin polymerization and the formation of migratory structures of the cells, i.e.,
lamellipodia and filopodia to promote directional cell movement [100]. Activated Cofilin has
been linked with metastatic glioblastoma, breast, pancreatic and ovarian cancer [121–123]. In
addition, elevated expression of cofilin is also implicated in CRC cells [124,125]. Moreover,
constitutive Cofilin phosphorylation at serine-3 residue retards the ability of CRC cells to
metastasize [126]. Hence, we examined the expression of both phospho and pan Cofilin in aPKC
inhibitors pretreated CRC cells. Our data demonstrated that the inhibition of PKC-ζ reduced the
expression of Cofilin in both LoVo and RKO, and the knockdown of PKC-ι decreased Cofilin
levels in RKO as well. In addition, treatment of aPKC inhibitors increased the cellular levels of
Phospho-Cofilin (S3) in both CRC cells (Figure 4.4). Thus, our observation supports a possible
role of aPKC in the migration and invasion of CRC cells by impairing downstream signals that
regulate Cofilin.
In CRC, an exciting novel finding was that the phosphatase, SSH, an upstream regulator
of Cofilin dephosphorylation, is also overexpressed [127]. Elevated levels of SSH is not only
associated with tumorigenesis but also a significant predictor of lymph node metastasis [128],
[99,127]. In further agreement, in-vitro studies of pancreatic and breast cancer cell lines suggest
that the tumor-promoting role of SSH is mainly due to its ability to dephosphorylate Cofilin
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since the loss of SSH function resulted in the decreased non-phosphorylated Cofilin and
metastatic ability of those cell lines [115,129]. With this context, we examined two isoforms of
SSH, SSH1, and SSH2, in treated and untreated CRC cells as a function of aPKC inhibition. Our
results depicted that the knockdown of aPKC did not change SSH1 levels, but, resulted in the
remarkable deactivation of SSH2 in both CRC cell lines which were correlated to the reduced
level of activated Cofilin and increased level of phosphorylated Cofilin (Figure 4.4). As a proof
of concept, CRC cells were also transfected with siRNA of PRKCI and PRKCZ (genes for PKC-ι
and PKC-ζ respectively). Our observation showed a similar correlation among aPKC, SSH2 and
Cofilin expression in siRNA transfected CRC cells as in aPKC inhibitors treated cells (Figure
4.4).
Since Cofilin activity is pivotal for cellular actin filaments polymerization
/depolymerization and branching that ultimately leads to membrane protrusion and polarization,
this issue was further addressed by immunostaining F-actin and measuring the level of F and Gactin in treated CRC cells. We found that the actin filaments were nicely organized around the
cytoskeleton of treated LoVo cell with ζ-Stat and treated RKO cell with both aPKC inhibitors
(Figure 4.5). Additionally, the ratio of F/G actin was increased notably in both LoVo and RKO
cells with the treatment of aPKC inhibition (Figure 4.5). Moreover, another crucial step in
invasion and protrusion is the formation of branched dendritic actin network [130]. Cofilin
partners with ARP2 to stimulate the formation of dendritic structure [130]. Our data illustrated
that the inhibition of aPKC in CRC cells reduced the level of ARP2 in treated cancerous cells
compared to both healthy colon cells and untreated cancerous cells (Figure 4.6). Moreover, the
primary signaling molecules that drive the interaction of Cofilin and ARP2 are small GTPases
such as Rho, and Rac1 [131]. Previously, we found that the PKC-ζ associates and phosphorylates
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Figure 4.7: aPKCs control actin cytoskeleton via Cofilin activation.
The Cofilin pathway is activated by aPKC via Slingshot, SSH. Phosphorylated Cofilin at serine-3 is inactive.
Phosphatases such as SSH induces the dephosphorylation and activation of Cofilin. Activated Cofilin can then sever
the mother filaments and produced free barbed ends leading to the elongation of newly formed actin filaments which
are preferred for dendritic nucleation by ARP2/3 complex and globular actin. These newly formed structures push
on the cell membrane to promote protrusion and motility.

Rac1, hence, it may also facilitate the Cofilin-ARP2 interaction as well. Therefore, the data
presented here established part of the mechanism of CRC cells metastasis regulated by aPKC via
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Cofilin. However, further in-vitro and in-vivo studies need to be performed to fully elucidate the
metastatic role of aPKC in the regulation mechanism of Cofilin by slingshot.
4.5 Conclusion
Collectively, we can conclude that PKC-ζ is elevated in both LoVo and RKO cells, PKC-ι
is overexpressed in RKO cell, and the aPKC when amplified or mutated are implicated in the
metastatic progression of CRC by regulating actin cytoskeleton of CRC cells via Cofilin
activation (Figure 4.7). Furthermore, the expression of aPKC should be used as a biomarker for
CRC when personalized treatment is sought for anti-aPKC therapy.

54

CHAPTER FIVE
ATYPICAL PROTEIN KINASE C INHIBITORS REDUCE THE VIABILITY AND
INDUCE APOPTOSIS IN COLORECTAL CANCER CELLS
5.1 Introduction
Since the evolution of multicellular species, the understanding of the ability of a cell to
survive has become very important for the cell itself and the entire cell community (tissue),
especially in cancer. Colorectal adenocarcinoma is the major type of CRC that accounts for 95%
of all CRC cases [132]. Although there have been enormous advances in the clinical and
experimental oncology, the prognosis of CRC is still dismal and treatment options are limited
[133]. Hence, it is essential to better understand the mechanism of apoptosis and discover novel
biomarkers and therapeutic agents to further improve treatment option for CRC.
Aberrant activity of signal transduction pathways is highly involved in the malignant
phenotype of CRC. Overexpression and activation of PKCs are implicated in human metastatic
colorectal cancer compared to healthy phenotype [134,135]. The isoform-specific function of
PKC family and their role in CRC is partially understood, hence, with a view to better
understand the role of PKC isozymes in the promotion of tumor cell survival and apoptosis is
very important so that more specific therapies could be designed. aPKC, a phospholipid
dependent serine/threonine kinase, belongs to broader PKC family that has a wide distribution
throughout different tissues and mediates various cell survival controlling cascades [136].
Under normal physiological conditions, defective cell growth is usually taken care of by a
highly programmed cell death mechanism called apoptosis. Since cancer is a heterogeneous
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disease, the unusual cell proliferation and survival of neoplastic cells are mediated by the
dysregulation of apoptotic pathways. There are two apoptotic pathways, intrinsic and extrinsic.
The intrinsic pathway is controlled by BCL-2 protein family and mitochondrial outer membrane
permeabilization (MOMP) whereas extrinsic pathway is mediated mainly by death receptors
(DRs) whereas [137]. Both of the pathways result in the activation of cysteine proteases such as
Caspase-3 and Caspase-7 (specific for aspartic acid residues) which ultimately induce apoptosis
[138]. Furthermore, one of the major events that cause the survival of cancerous cells is the
overexpression of B Cell Lymphoma 2 (BCL-2) family of protein which acts through the
disruptions of apoptotic pathways [139].
In this study, we investigated the viability and apoptosis of CRC cells as a function of
aPKC inhibition. The cell lines used were CCD18CO healthy colorectal cells; and LoVo and
RKO CRC cells. The effect of aPKC inhibitors; ICA-I, and ζ-Stat on CRC cell viability and
apoptosis were evaluated using water-soluble tetrazolium salt 1 (WST-1) based cell viability
assay, DAPI based fluorescence study of DNA fragmentation, Annexin V based flow cytometry
and Western blot. We found that the inhibitors reduced the viability and induced apoptosis in
CRC cells without affecting healthy cells.
5.2 Materials and methods
5.2.1 Cell lines and Subculture
The healthy colon epithelial cells, CCD18CO, and metastatic CRC cell lines, LoVo and
RKO, were obtained from American Type Tissue Culture Collection (ATCC). The CCD18CO
and RKO cells were sub-cultured and maintained in Eagle's Minimum Essential Medium
(EMEM), and LoVo was sub-cultured and maintained in F12K media. All the flasks were
supplemented with 10% Fetal Bovine Serum (FBS) and 1% antibiotics (Penicillin 10 U/ml and
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streptomycin 10 mg/ml). Cells were incubated at 37oC and 5% CO2. Cells were used for the
experiments a few days following subculture at 70-80% confluent.
5.2.2 In-vitro treatment of normal colon and metastatic CRC cells with ICA-I and ζ-Stat
For cell viability assay, both healthy and metastatic CRC cells(3x103) were plated in 96
wells plate and treated with either 5µM or 7µM of either ICA-I or ζ-Stat in 96wells plate for
three consecutive days. Following treatment, cells were washed (200µl 1X DPBS buffer) and
then incubated with a mixture of suitable media (either F12K or EMEM) and WST-1 reagent
(final dilution of 1:10). After three hours of incubation, cells were analyzed at 450nm using BioTek (Winooski, VT, USA) microplate reader.
For all other experiments, cells were plated in larger plates and treated with 7µM of
either ICA-I or Stat for 72 hours. The setup for this analysis was same as our previously
published study [112].
5.2.3 Flow cytometric analysis of apoptosis of combination treated CRC cells
The Annexin-V/APC and DAPI based flow cytometry was used to distinguish the
apoptotic population from a healthy population. Cells were plated in 100mm cell culture plate,
treated for three consecutive days as described earlier, lifted, harvested, and analyzed as per
manufacturer’s instructions. Briefly, the treated and untreated cells were then resuspended in
100µl Annexin-V/APC and DAPI solution. Subsequently, the cells were incubated under the
dark condition for 10 minutes at room temperature. The samples were then run at 633nm
excitation and 700nm emission for APC and 350nm excitation and 450 emissions for DAPI
using BD FacsCanto II instrument (Becton Dickinson, San Jose, CA) and analyzed using
FacsDiva 6.3.1 software.
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5.2.4 Colony formation assay
Both LoVo and RKO CRC cells were seeded in a six wells plate at a density of 1000cells/well of
the 6 wells plate. The LoVo and RKO cells were treated with the inhibitors for three consecutive
72 hours. Following treatment, LoVo and RKO cells were allowed to grow for 7 and 10 days
respectively. Subsequently, cells were washed with PBS, fixed with 4% paraformaldehyde for 20
minutes and stained with a solution of 0.5% crystal violet in 10% methanol for 20 minutes. The
colonies were washed, and the images were captured under microscope (AE31E, Motic, USA)
and processed with Jenoptik Gryphax® software. Finally, colonies were analyzed using Image J
software.
5.2.5 4΄,6-diamidino-2-phenylindole (DAPI) staining
The procedures followed was identical as in our previously published study [112].
5.2.6 Cell lysates preparation and Immunoblot analysis
The experiments were performed as per the experimental procedures described in our
previous article [112].
5.2.7 Densitometry
The intensity of each band was quantified using 1D analysis software, Alpha View
(Protein Simple, San Jose, California) and Image Studio Lite Ver 5.2 (LI-COR Biosciences,
Lincoln, NE). The background intensity was subtracted from each band to quantify the correct
intensity.
5.2.8 Statistical Analysis
To determine the Statistical significance of the data, the results were expressed as the
Mean +/- Standard error of the mean (S.E.M) of at least three independent experiments. P values
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were calculated based on Student t-test (two-tailed) and one-way ANOVA using GraphPad
Prism 7.04 or Microsoft Excel software. A p value of < 0.05 was considered significant.
5.2 Results
5.2.1 aPKC inhibitors hinder CRC cells viability without affecting normal colorectal cells
To determine the effect of aPKC on colorectal cell proliferation, both normal and
cancerous cells were treated with either 5μM or 7μM of either of the two inhibitors (ICA-I and ζStat) for three consecutive days. The results showed that ζ-Stat reduced the viability of cancerous
cells (both LoVo and RKO) by approximately 45% at a dose of 7μM (p < 0.0001) (Figure 5.1A).
Likewise, the treatment of 7μM ICA-I decreased the cells viability of LoVo by 33% (p < 0.0009)
and RKO by 46% (p < 0.0001) (Figure 5.1A). However, the treatment with aPKC inhibitors did
not produce any significant cytotoxic effect on healthy colorectal cells’ viability (Figure 5.1A).
Additionally, colony formation assay was also performed to evaluate the impact of reduced cell
viability of CRC cells further. Our observed data demonstrated that the aPKC inhibition
decreased the size of the colonies as well as reduced the number of colonies in treated CRC
compared to control (Figure 5.1B). These data suggest that the aPKC inhibitors might be used to
treat CRC cells without affecting healthy colorectal cells.
5.2.2 Induction of apoptosis by aPKC inhibitors in CRC cells
To establish whether the cells were undergoing programmed cell death with aPKC
knockdown, visualization of cellular nuclei using DAPI along with the determination of
expression of different pro- and anti-survival proteins were investigated. The data showed that
with ICA-I treatment of 7μM for 72hours, RKO cells exhibited notable chromatin condensation
and nuclear fragmentation compared to control as visualized by nuclear staining with DAPI,
likewise, to some extent, LoVo also possessed fragmented cells (Figure 5.2A). On the other
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Figure 5.1: Effect of aPKC inhibitors reduced the viability and colony formation activity of
CRC cells.
(A) CCD18CO, LoVo, and RKO cells (4 x103) were plated in 96 wells plate and treated with 5μM and 7μM of
either ICA-I or ζ-Stat for 72 hours followed by incubation with a WST-1 reagent for 3 hours and determination of
absorbance at 450nm using microplate reader. (B) The number of colonies formed by the treated and untreated cells
following aPKC inhibition treatment. The data represents N = at least 3 independent experiments, mean +/- S.E.M.

* represents p value where * < 0.05, ** < 0.02, *** < 0.01 and **** < 0.001.

hand, in response to ζ-Stat (7μM) treatment, both LoVo and RKO cells showed significant
apoptotic bodies. Additionally, PKC-ζ inhibition reduced the level of survival proteins, such as
BCL-2 by more than 35% (p < 0.02), BCL-XL by more than 45% (p < 0.01), and Survivin by
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more than 30% in both CRC cells (Figure 5.2B, 5.2C). Similarly, PKC-ι inhibition brought
down the levels of BCL-2, BCL-XL, and Survivin by more than 35% (p < 0.05) in RKO but not
in LoVo. Moreover, Caspase-3 was found to be active as proportional changes in the expression
of Cleaved and total Caspase-3 were observed. Furthermore, changes in the expression of PARP,
a downstream nuclear substrate of Caspase-3 activation [140], was also detected (Figure 5.2B,
5.2C). However, no notable apoptotic changes were observed in normal colorectal cells with
aPKC inhibition. Hence, these findings indicate that the CRC cells undergo apoptosis in response
to anti-aPKC treatment.
5.2.3 aPKC inhibitors promote cellular fragmentation and subsequent apoptotic population in
CRC
Since in our previous experiments, ICA-I and ζ-Stat treatment reduced cell viability and
showed positive outcomes related to apoptotic markers, we also examined the Annexin V/DAPI
based flow cytometry to cross-check our findings related to CRC cell apoptosis. Based on our
data, the flow cytometry profile showed a dramatic change in the DNA integrity and apoptotic
population of treated CRC cells compared to untreated controlled cells. (Figure 5.3). These
results indicate that the aPKC plays a critical role in regulating CRC cell survival and Our data
demonstrated that the atypical inhibition.
5.3 Discussion
Colorectal cancer is one of the most aggressive cancer worldwide, and the poor survival
rate is due to the detection of malignancy at the late stage of the disease [141]. Hence, a better
understanding of molecular mechanism and development of new therapeutic strategy will bring
some light of hope in the CRC patients. In our previous studies we found that a particular protein
kinase called aPKC regulates important carcinogenic and metastatic pathways in CRC. Based on
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that in this present investigation, we targeted the proteins of atypical protein kinase C family
using respective inhibitors to examine whether it brings the cell viability down and induce
apoptosis in the CRC cells.

A

B

C

Figure 5.2: aPKC inhibitors induce apoptosis in CRC cells.
Cells were treated for 72 hours with 7μM of either ICA-I or ζ-Stat. Following treatment, (A) Cellular nuclei were
visualized using DAPI. Original magnification 20X and scale bars represent 10μm. The white arrows are showing
the cells undergoing apoptosis. (B) An equal amount of protein (40μg) from cellular extracts of both normal and
CRC cells were separated by SDS-PAGE, followed by Western blot analysis with different pro and anti-apoptotic
antibodies. GAPDH was used as a loading control. (C) The bar charts represent the corresponding band intensities of
apoptotic and survival markers. N=3, Mean +/- S.E.M. * represents p value where * < 0.05, ** < 0.02 and *** <
0.01.
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7µM ICA-I

7µM ζ-Stat

LoVo
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Control

7µM ICA-I

7µM ζ-Stat

RKO

Figure 5.3: Annexin V-APC/ DAPI staining of malignant colorectal cancer cells following
aPKC inhibition.
(A) LoVo and (B) RKO cells treated with 7μM of either ICA-I or ζ-Stat for 72 hours. Following treatment, the cells
were harvested and labeled with an APC bound Annexin-V and DAPI (the procedure is described in material and
method section) to detect different stages of apoptosis using flow cytometry. The number of experiments, N = 3
independent trials. The data are presented as the mean.

The WST-1 based cell viability assay demonstrated that the treatment of ICA-I or ζ-Stat
significantly reduced the growth and proliferation of CRC cells without affecting healthy
colorectal cells (Figure 5.1). Likewise, the colony formation assay indicated that there are less
number of colonies in the treated samples compared to control cells that did not receive any
treatment (Figure 5.1).
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To elucidate the reason behind reduced cell viability, we also performed a follow up
study of DNA fragmentation and apoptosis markers to study the possible programmed cell death
related to cell survival stimulating molecules. It has been showed that there are two main
pathways, death receptor mediated and mitochondria pathway, that govern the cellular apoptosis
in eukaryotes [142]. The mitochondria pathway is regulated by a BCL-2 family of protein which
act on the MOMP [143]. Both LoVo and RKO cells underwent apoptosis as evident by the
visualization of apoptotic bodies (Figure 5.2) and changes in the expression of apoptotic and
survival markers such as BCL-XL, BCL-2, and survivin. Apoptosis involve a series of events
and the activation of Caspase cascades are critical later event in a cell undergoing apoptosis
[144]. PARP, a nuclear enzyme, helps in DNA repair and maintain genomic integrity in healthy
cells. Cleaved PARP by active Caspases is a marker of apoptotic cell death [145]. Caspase
cascade activation was confirmed by the change in the levels of total and cleaved Caspase-3 and
PARP (Figure 5.2). Moreover, since all cells do not undergo apoptosis at the same time and
consist of a series of events during programmed cell death [146], a flow cytometric analysis
based on Annexin V/DAPI staining was also performed to examine the different cell populations
in different phages of apoptosis. The early and late apoptotic were showed to be changed
dramatically in ICA-I and ζ-Stat treated cells compared to control (Figure 5.3). These findings
suggest a potential tumor promoting role aPKCs in CRC, however, further investigations need to
be performed to decrypt the whole apoptotic mechanisms in aPKC inhibitors treated CRC cells.
5.4 Conclusion
In conclusion, we concluded that the aPKC inhibitors reduce the viability of CRC cells
and induce apoptosis by downregulating cell survival proteins and promoting DNA
fragmentation.
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CHAPTER SIX
ATYPICAL PROTEIN KINASE C INHIBITOR EXHIBITS A SYNERGISTIC EFFECT
IN FACILITATING DNA DAMAGING EFFECT OF 5-FLUOROURACIL IN
COLORECTAL CANCER CELLS
6.1 Introduction
Colorectal cancer (CRC) is one of the most deadly cancers worldwide [1]. Besides
surgery, the next line of treatment option for patients with advanced CRC is chemotherapy. The
main impediment against successful chemotherapy is acquired or inherited resistance of the
cancer cells towards the therapeutic regimen. The most widely used chemotherapeutic agent to
treat CRC is a fluorinated pyrimidine derivative known as 5-fluorouracil (5-FU) which was
developed more than 50 years ago by Heidelberger et al. [147]. 5-FU is a thymidylate synthase
inhibitor which mimics uracil and is incorporated into cellular RNA and DNA; hence, induces
apoptosis [148]. However, the use of 5-FU causes severe side effects and is prone to eventual
resistance. In addition to tumor stage, one of the prime factors that affect the chemosensitivity of
the colorectal cell to 5-FU is DNA mismatch repair (MMR) [149]. Therefore, the investigation of
alternative therapeutic approach to treat CRC treatment is necessary.
The multiprotein complex called Transcription Factor IIH (TFIIH) is both a transcription
initiation and a nucleotide excision repair (NER) factor during MMR. The activity of TFIIH is
governed by the interaction of two subcomplexes, CORE and CAK (CDK activating Kinase).
The CORE complex has six subunits namely Xeroderma pigmentosum group D (XPD),
Xeroderma pigmentosum group B (XPB), p62, p34, p44, p8 and p52 whereas CAK is a trimeric
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complex consisting of three subunits namely Cyclin H, CDK7 and ménage a trois 1 (MAT1)
[150,151]. The CORE and CAK complexes are bridged together by XPD, and the interaction is
mediated by the activation of the CAK complex, which is dependent on the phosphorylation of
CDK7 at T170 [151–153].
The evidence that the phosphorylation of many downstream substrates by PKC regulates
the growth, transcriptional regulation, learning, memory, polarity, chemotaxis, migration, and
adhesion in different cancer cell types including colorectal [104–106,154,155]. For instances,
PKC-ε mediates the metastasis of CRC cells by inducing deacetylation of RelA gene of nuclear
factor NF-ĸB p65 protein [154]. Likewise, PKC-ι controls cell cycle progression by regulating
CAK/CDK7 in glioma cells [109]. Furthermore, PKC-ζ regulates the survival, growth, and
polarity of the cells by regulating NF-ĸb and Jak/Stat signaling pathway [110].
For years, a combination of anticancer drugs has been part of a therapeutic regimen for
treating CRC. In our previous work, aPKC inhibitors found to be significantly effective against
CRC cells’ growth and metastasis [112,156]. Herein, we used two different aPKC inhibitors,
namely, ICA-I (PKC-ι inhibitor) and ζ-Stat (PKC-ζ inhibitor) along with 5-FU (thymidylate
synthase inhibitor) to treat CRC (Figure 6.1). We aimed to exceed the efficacy of current CRC
treatment by investigating the combined antitumor effect of aPKC inhibitor (either ICA-I or ζStat) with 5-FU on the CRC cells, in hoping of assessing a relatively safe and effective
therapeutic regimen for CRC treatment. The cell lines tested were LoVo and RKO CRC cells.
Our observed data indicate that the combination therapy of aPKC inhibitor and 5-FU
synergistically retards the proliferation of malignant colorectal cells by dismantling DNA repair
and promoting massive apoptosis compared to control and individually ICA-I, ζ-Stat, and 5-FU
treated CRC cells. Additionally, the combination therapy not only induced DNA damage by
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inhibiting thymidylate synthase but also restrained DNA damage repair mechanism by impeding
TFIIH complex activity in an aPKC dependent manner.

A

B

ICA-I

C

ζ-Stat

5-Fluorouracil

Figure 6.1: Structures of inhibitors.
(A) ICA-I, nucleoside analog, PKC-ι inhibitor (Chemical name: 5-amino-1-(2,3-dihydroxy-4-(hydroxymethyl)
cyclopentyl)-1H-imidazole-4-carboxamide. (B) ζ-Stat, PKC-ζ inhibitor (Chemical name: 8-hydroxynaphthalene1,3,6-trisulfonic acid. (C) 5-Fluorouracil (5-FU), pyrimidine analog, thymidylate synthase inhibitor (Chemical
name: 5-fluoro-1H-pyrimidine-2,4-dione).

6.2 Materials and Method
6.2.1 Cell lines and Subculture
The metastatic CRC cell lines, LoVo and RKO, were obtained from American Type
Tissue Culture Collection (ATCC). The LoVo was sub-cultured and maintained in F12K media,
and RKO were sub-cultured and maintained in Eagle's Minimum Essential Medium (EMEM).
All the flasks were supplemented with 10% Fetal Bovine Serum (FBS) and 1% antibiotics
(Penicillin 10 U/ml and streptomycin 10 mg/ml). Cells were incubated at 37oC and 5% CO2.
Cells were used for the experiments a few days following subculture at 70-80% confluency. The
cell lines were used in between 3rd and 12th passages for the study.
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6.2.2 In-Vitro treatment and cell viability analysis of metastatic CRC cells with ICA-I, ζ-Stat, and
5-FU alone or in a combination of either ICA-I and 5-FU or ζ-Stat and 5-FU
For pharmacologic efficacy and mechanistic study, the setup for plating and growing the
CRC cells was the same as our previously published study [112]. However, the cells were treated
differently, for instance, 7µM or 10µM of either aPKC inhibitors or 10µM, 20µM, 30µM of 5FU or combination of 7µM of aPKC inhibitor and 10 or 20µM 5-FU combination used to treat
the CRC cells for cell viability assay. Subsequently, cells were washed (200µl 1X DPBS buffer)
and then incubated with suitable media (either F12K or EMEM) and WST-1 reagent (final
dilution of 1:10). After three hours of incubation, cells were analyzed at 450nm using Bio-Tek
(Winooski, VT, USA) microplate reader. Moreover, except for viability study, cells were treated
with 7µM aPKC inhibitor or 10µM 5-FU or a combination of 7µM aPKC inhibitor and 10µM 5FU for all other experiments.
6.2.3 Analysis of drug synergism
The interaction between the aPKC inhibitor and 5-FU in CRC cells were evaluated based
on the median effect principle as described by Chou and Talalay using Compusyn software
[157]. The Compusyn program enables us to evaluate drug effect in combination as combination
indices (CIs). A CI is considered as an additive when CI = 1, synergistic when the value of CI <
1and antagonistic when CI > 1. CI value was calculated using the following equation:

Where D 1 and D 2 are the concentration of combination inhibiting cells growth by x%, and, Dx1
and Dx2 are the concentration of aPKC inhibitor and 5-FU alone, giving x% growth inhibition.
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6.2.4 Cell lysates preparation and Immunoblot analysis
The experiments were performed as per the experimental procedures described in our
previous article [112].
6.2.5 Flow cytometric analysis of apoptosis of combination treated CRC cells
The Annexin-V/APC and DAPI based flow cytometry was used to distinguish the
apoptotic population from a healthy population. Cells were plated in 100mm cell culture plate,
treated for three consecutive days as described earlier, lifted, harvested, and analyzed as per
manufacturer’s instructions. Briefly, the treated and untreated cells were then resuspended in
100µl Annexin-V/APC and DAPI solution. Subsequently, the cells were incubated under the
dark condition for 10 minutes at room temperature. The samples were then run at 633nm
excitation and 700nm emission for APC and 350nm excitation and 450 emissions for DAPI
using BD FacsCanto II instrument (Becton Dickinson, San Jose, CA) and analyzed using
FacsDiva 6.3.1 software.
6.2.6 Detection of apoptotic DNA fragmentation by DNA laddering
The presence of internucleosomal DNA cleavage was investigated using an enhanced
apoptotic DNA ladder detection kit following the manufacturer’s instruction. Briefly, after
treating the cells as desired, the 7 X 105 CRC cells were transferred in a 1.5ml microcentrifuge
tube, washed with PBS and the supernatant was removed carefully. The cells were then disrupted
by adding 35µl of TE lysis buffer, mixed with 5µl of enzyme B solution and incubated overnight
at 500C. Subsequently, 5µl of ammonium solution was added to each tube, mixed with 50µl of
isopropanol and incubated at -200C overnight. The samples were then centrifuged at 12000 rpm
for 30 minutes at 40C. The pellet fraction containing DNA extract was then washed twice with
ice-cold ethanol followed by air drying and dissolving in 20µl DNA suspension buffer. DNA
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fragments were finally separated by 1.8% agarose gel electrophoresis, stained with ethidium
bromide and photographed under UV light.
6.2.7 Detection of broken DNA by 3΄ terminal deoxynucleotidyltransferase (TdT) mediated dUTP
nick end labeling (TUNEL) assay
DNA breakage was detected using fluorescence staining based on TUNEL assay
according to the manufacturer’s instructions. Briefly, LoVo and RKO cells were grown in 4-well
chamber slides and treated as before using the combination of aPKC inhibitor and 5-FU. After
three days of treatment, cells were fixed with fresh 4% paraformaldehyde for 15 minutes at room
temperature, followed by washing twice with cold DPBS. The slides were then covered with
50μl DNA labeling solution and incubated under the dark condition at 37oC for an hour. After
washing with ddH2O, cells were incubated with 100μl anti-BrdU-Red antibody solution for 30
minutes at room temperature. Finally, the cells were counterstained with DAPI mounting
solution, observed under laser confocal microscope (AE31E, Motic, USA) and photographs were
taken using Jenoptik Gryphax® software.
6.2.8 Immunoprecipitation
Protein (1.5µg) was immunoprecipitated (IP) from 200µg cell lysate suspension using
primary antibody of interest. The IP and associated proteins were separated by SDS-PAGE and
finally analyzed by using the Western blot technique to determine the associated proteins with
the IP protein [158].
6.2.9 Densitometry
The intensity of each band was quantified using 1D analysis software, Alpha View
(Protein Simple, San Jose, CA) and Image Studio Lite Ver 5.2 (LI-COR Biosciences, Lincoln,
NE). The background intensity was subtracted from each band to quantify the correct intensity.
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6.2.10 Statistical analysis
To determine the statistical significance of the data, the results were expressed as the
Mean +/- SEM of at least three independent experiments. The data were compared by one-way
ANOVA (Dunnett’s multiple comparison tests) or two-way ANOVA (Tukey’s multiple
comparison test) for multiple groups using GraphPad Prism 8 software. A p value of < 0.05 was
considered as being statistically significant.
6.3 Results
6.3.1 Effect of aPKC inhibitors alone or in combination with 5-FU in the viability of CRC cells
Studies have shown that both protein kinase inhibitors and 5-FU induce a significant
hindrance in the carcinogenesis of CRC cells [159]. Likewise, previous results obtained in our
laboratory showed that aPKC inhibitors also caused a remarkable reduction in the viability of
CRC cells [112,156]. With a view to obtain a more significant reduction in the CRC cells’
viability, we treated two colorectal adenocarcinoma cells namely LoVo and RKO with different
concentrations of ICA-I (7μM or 10μM), or ζ-Stat (7μM or 10μM), or 5-FU (10μM or 20μM or
30μM), either alone or in combination of aPKC inhibitor and 5-FU. Our results of representative
experiments showed that the combination regimen of either ICA-I and 5-FU or ζ-Stat and 5-FU
at minimal threshold concentration (7μM aPKC inhibitor and 10μM 5-FU) was able to decrease
the viability of LoVo CRC cells by more than 75% (p < 0.001) (Figure 6.2A, 6.2B). Similarly,
more than 80% (p < 0.001) of RKO cells also could not survive against the synergism of
combinations (Figure 6.2C, 6.2D). However, the lowest concentration (7μM) of aPKC inhibitors
induced less than 50% and 5-FU induced less than 70% reduction in the CRC cells’ viability
when used alone (Figure 6.2). These results indicate that the concurrent inclusion of aPKC
inhibitor and 5-FU can be used to treat malignant colorectal cancer efficiently.
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Figure 6.2: Effect of aPKC inhibitors and 5-FU combination on malignant colorectal cells.
(A) LoVo cells (4 x103) were plated in 96 wells plate and treated with 7μM of either ICA-I or ζ-Stat or 10μM of 5FU or combination for 24-72 hours. Similarly, (B) RKO cells (4 x103) were also plated in 96 wells plate and treated
with 7μM of either ICA-I or ζ-Stat or 10μM of 5-FU or combination. Following treatment, the cells were incubated
with a WST-1 reagent for 3 hours and determination of absorbance at 450nm using microplate reader. The
absorbances were subsequently represented as percent of viable cells. The data represents N = at least 3 independent
experiments, mean +/- S.E.M. **** < 0.0001 (indicate p value).
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6.3.2 aPKC inhibitors work synergistically with 5-FU to reduce the viability of CRC cells
To understand how the drugs were exhibiting massive growth-inhibiting effect, we
evaluated the drug interaction profile based on Thou and Talalay’s median effect principle using
Compusyn software [157] to determine whether there was any synergistic or additive effect. Our
analysis depicted that both ICA-I and ζ-Stat potentiated the effect of 5-FU synergistically to
decrease the viability of CRC cells. Notably, the combination of 7µM ICA-I and 10µM 5-FU
inhibited the viability of LoVo cells by more than 75% with a CI value of 0.83 and the
combination of 7µM ζ-Stat and 10µM 5-FU produced a similar reduction in LoVo cells viability
(by more than 85%) with a CI value of 0.41. Likewise, the combination of 7µM ICA-I and 10µM
5-FU, and the combination of 7µM ζ-Stat and 10µM 5-FU decreased the RKO cells viability by
more than 85% (CI value 0.56) and 75% (CI value 0.96), respectively. These results suggest that
aPKC inhibitors work synergistically with 5-FU to reduce the viability of CRC cells and may be
an essential part of a new therapeutic option for CRC treatment.
6.3.3 Combination of aPKC inhibitor and 5-FU induce apoptosis in CRC cells
Since we noticed a dramatic change in the viability of CRC cells with the concurrent
treatment of aPKC inhibitor and 5-FU, we examined whether this change was due to the
consequence of cells undergoing apoptosis. To detect apoptotic CRC cells, we applied different
strategies such as flow cytometry, to distinguish apoptotic population from live one, Western
blot analysis, to detect the expression of apoptosis-associated molecules. For apoptosis study,
instead of treating the cells with different doses of aPKC inhibitors or 5-FU, we decided to use
the minimal concentrations of inhibitors which were found to be effective against the CRC cells.
From our flow cytometric apoptosis analysis, we observed that the combination of ICA-I and 5FU or ζ-Stat and 5-FU induced more than 60% (p < 0.001) apoptosis compared to control the
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population in LoVo (Figure 6.3A). Likewise, more than 65% of RKO cells were also
undergoing apoptosis as a function of both combination therapies (Figure 6.3B). However, the
effect of individual aPKC inhibitors or 5-FU was way less in the malignant CRC cell population
compared to the combination (Figure 6.3). Additionally, the data from our immunoblot analysis
presented that in response to combination treatment, there was a decrease in Caspase-3 (35%, p <
0.001), total PARP (30%, p < 0.001) and an increase in cleaved PARP (more than 50%, p <
0.05) and cleaved Caspase-3 (more than 30%) in combination treated CRC cells (Figure 6.4).
Moreover, the amount of survival proteins such as BCL-XL was found to be reduced by 50% (p
< 0.001) and BCL-2 was decreased by 60% (p < 0.001). These results which are consistent with
our cell viability assay and suggest that the CRC cells undergo apoptosis in response to aPKC
inhibitor and 5-FU combination.
6.3.4 aPKC inhibitor and 5-FU induce significant DNA fragmentation in CRC cells
After observing positive apoptosis assays, we employed subsequent DNA ladder and
TUNEL assays to detect broken DNA strands since the terminal stage of apoptosis is
characterized by nucleosomal DNA fragmentation [160]. Our goal was to observe whether the
ladder assay and TUNEL assay would faithfully report the presence of DNA damage in the
treated sample. Our results depicted that the combination of either ICA-I and 5-FU or ζ-Stat and
5-FU induced marked DNA damage as showed in BrdU-Red based TUNEL assay compared to
control in LoVo and RKO cells (Figure 6.5A, 6.5B). Similarly, compared to control, both
combination regimens produced an increased amount of DNA drags in both CRC cells (Figure
6.5C, 6.5D). Additionally, ICA-I, ζ-Stat, and 5-FU also induced DNA damage to some extent in
CRC cell but not as robust as in combination treated cells (Figure 6.5). These data indicate the
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aPKC inhibitors and 5-FU synergistically induce the late stage of apoptosis as evidenced by
remarkable DNA fragments in combination treated malignant CRC cells.

A

B

Figure 6.3: Annexin V-APC/ DAPI staining of malignant colorectal cancer cells following
simultaneous inhibition of aPKC and thymidyl synthase.
(A) LoVo and (B) RKO cells treated with 7μM of either ICA-I or ζ-Stat or 10μM of 5-FU or combination for 72
hours. Following treatment, the cells were harvested and labeled with an APC bound Annexin-V and DAPI
(procedure is described in material and method section) to detect different stages of apoptosis using flow cytometry.
Left panel shows the percentage of different phases of apoptotic and necrotic population using flow cytometer and
the right panel depicts the representative histograms of average of N = 3 independent trials. The data are presented
as the mean +/- S.E.M. * represents p value where * < 0.05, ** < 0.02, *** < 0.01 and **** < 0.001.
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6.3.5 Effects of ICA-I, ζ-Stat, and 5-FU alone or in combination on the activity of TFIIH complex
during DNA damage repair
One of the critical pathways that are involved in the DNA damage repair is TFIIH
complex mediated unwinding and installing a mechanistic pathway [161]. The transfer of TFIIH
to the DNA lesions is dependent upon the interaction of complexes of TFIIH and CAK
[161,162]. To determine TFIIH activity in the treated CRC cells, we examined the expression of
major proteins associated with the functions of both CAK and TFIIH. The activation of the CAK
complex depends on the phosphorylation of CDK at T170 [162]. We noticed that the level of
phospho CDK7 (T170) dropped down by about 50% (p < 0.001) with the treatment of aPKC
inhibitors and 5-FU combination compared to control in CRC cells (Figure 6.6A-6.6D).
Additionally, we also observed that the concurrent use of ICA-I and 5-FU or ζ-Stat and 5-FU
synergistically reduced the level of XPD by more than 40% (p < 0.01) in both treated CRC cells.
Moreover, the individual inhibitors induced a similar effect in treated LoVo and RKO; however,
it was not as vigorous as in the combination (Figure 6.6). These findings suggest that the
combination therapy of aPKC inhibitor and 5-FU can be used to induce pronounced DNA
damage in colorectal cancer.
6.3.6 aPKC interacts with TFIIH complex to enhance DNA damage repair in CRC cells
To mediate the function of TFIIH complex, the aPKCs must associate and regulate the
components of the TFIIH complex. To demonstrate the association of aPKCs with CAK-XPD
components, CDK7 was the first IP from treated and untreated CRC samples and checked for the
associated proteins. CDK7 was found to be associated with both PKC-ι and PKC-ζ (Figure 6.7).
Subsequently, PKC-ι and PKC-ζ were also individually IP and found to be associated with
pCDK7, CDK7, and XPD in both CRC cells. Moreover, our observed results illustrate that upon
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Figure 6.4: Combination of aPKC inhibitors and 5-FU induce apoptosis in CRC cells.
Cells were treated for 72 hours with either ICA-I (7μM), ζ-Stat (7μM) and 5-FU (10μM) alone or in combination of
aPKC inhibitor and 5-FU. Following treatment, an equal amount of protein (40μg) from (A) LoVo and (C) RKO
cellular extracts were separated by SDS-PAGE, followed by Western blot analysis with different pro and antiapoptotic antibodies. α-tubulin was used as a loading control. The bar charts represent the corresponding band
intensities of apoptotic and survival marker from (B) LoVo and (D) RKO cells lysates. N=3, Mean +/- S.E.M. *
represents p value where * < 0.05, ** < 0.02, *** < 0.01 and **** < 0.001.
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Figure 6.5: Detection of DNA fragments as an indication of late stage apoptosis in aPKC
inhibitor and 5-FU combination treated malignant colorectal cells.
The apoptosis of LoVo and RKO cells were evaluated following treatment with 7μM of either ICA-I or ζ-Stat or
10μM of 5-FU or combination for 72 hours. (A) LoVo and (B) RKO, treated and untreated CRC cells were
subjected to TUNEL assay to observe DNA breakage. The white arrows are indicating DNA damage. Original
magnification: 40X and scale bar represents 10µm. Following treatment, (C) LoVo and (D) RKO cells were
harvested, and chromosomal DNA was isolated and purified using DNA ladder detection kit following
manufacturer’s instructions. Subsequently, 20μl of cell sample was electrophoresed using 1.2% agarose/EtBr gel.
The experiment was repeated for at least N = 3 independent times.
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treatment of metastatic CRC cells with the combination of ICA-I and 5FU or ζ-stat and 5FU,
there was a dramatic decrease in the association of pCDK7 (T170), CDK7 and XPD with the
aPKCs (Figure 6.8). These data suggest that the aPKC might be a crucial upstream regulator of
CAK-XPD mediated DNA repair mechanism of CRC cells.
6.4 Discussion
5-FU, a pyrimidine analog, has long been used as a chemotherapeutic agent to treat
various cancer such as colorectal, stomach, esophageal, and breast cancers [163]. However, the
clinical application of 5-FU is sometimes confined by the fact that cancer cells become resistant
to it as well as it has severe toxicity such as myelosuppression and gastrointestinal toxicity [164].
Various approaches have been tried so far to improve the therapeutic efficacy of 5-FU, including
biochemical modulation [165], alteration of dosage regimen [166], and the use of combination
therapy [167].
In this study, we used molecular evidence to examine the chemotherapeutic efficacy of 5FU along with aPKC inhibitors in CRC cells to minimize the chemoresistance and the toxicity of
5-FU by using a lower dose. The results of this study demonstrate that the aPKC inhibitors not
only reduce cell viability and proliferation but also possess synergistic antitumor efficacy in
combination with 5-FU in CRC cells (Figure 6.2). Moreover, we also showed that the
combination therapy induced a remarkable apoptotic population of CRC cells as a function of
synergism of aPKC and 5-FU combination compared to the antitumor effect of individual drugs
(Figure 6.3).
Cancer cells become resistant to chemotherapeutic agents because they acquired the mutations in
the targeted genes and overexpress the cell survival components such as survival and
antiapoptotic proteins under carcinogenic condition [168,169]. The induction of apoptosis in
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Figure 6.6: Combination of aPKC inhibitors and 5-FU treatment inhibits DNA excision
repair in CRC cells.
Immunoblot analysis is showing the effect of ICA-I, ζ-Stat and 5-FU alone and the combination of ICA-I & 5-FU or
ζ-Stat & 5-FU in (A) LoVo and (C) RKO CRC cells following three days of treatment. Proteins tested were pCDK7
(T170), CDK7, XPD, PKC-ι and PKC-ζ. (B) and (D) The bar charts are representing the corresponding band
intensities in treated LoVo and RKO respectively. α-tubulin was probed as a loading control. All experiments were
performed for at least N = 3 independent times. Mean +/- S.E.M and * represents p value (* < 0.05, ** < 0.02, ***
<0.01, **** < 0.0001).
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cells is mediated by the activation of a Caspase family of protease, mainly Caspase-3
[170]. Caspase-dependent cascades provoke cell death by activating mitochondrial, endoplasmic
reticulum, and death receptor pathways [171]. Additionally, the BCL-2 family of proteins
controls and regulates mitochondrial outer membrane permeabilization (MOMP), for instances,
BCL-2, BCL-XL, survivin, etc. prevents MOMP, whereas BAX, BAD, etc. protect it [172]. As
summarized in (Figure 6.4), there was a significantly reduced expression of BCL-2, BCL-XL,
and Caspase-3, whereas an increased cleaved Caspase-3 expression was observed in combination
treated CRC cells compared to individually drug-treated cells. Additionally, an essential
substrate of Caspase-3 activation is PARP which binds to NAD and ATP required for DNA
repair, hence, there is a depletion of it in the cells during apoptosis. Caspase-3 breaks PARP into
89 and 24KDa fragments that have an active site and binding domain for DNA of the enzyme,
respectively during apoptosis [145,173]. The combination of aPKC and 5-FU increased the
cleaved PARP levels while causing a proportional decrease in the expression of total PARP in
treated CRC cells (Figure 6.4). Furthermore, the late stage of apoptosis usually results in several
biochemical and morphological changes characterized by condensation of chromatin, the
appearance of apoptotic bodies, and fragmentation of DNA [174,175]. Our observed data
presented that the treatment of aPKC and 5-FU combination induced late stage of apoptosis in
both LoVo and RKO cells as evident by marked DNA ladder bands and fragmented DNA
(Figure 6.5).
One of the critical cellular mechanisms for 5-FU resistance of cancer cells is their
acquired capacity to reciprocate DNA damage [176]. A recent study suggests that the TFIIH
complex plays a significant role in repairing damaged nucleotide, where XPD of TFIIH promotes
the opening of DNA around a lesion and repair it. The activity of XPD depends on the
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Figure 6.7: Association of TFIIH complex components with aPKCs in CRC cells.
CDK7 was IP (3μg) separately from whole cell extracts (300μg) of treated (72 hours) and untreated metastatic (A)
LoVo and (C) RKO cells using respective antibody and evaluated for the association of aPKCs in addition to
proteins of the CAK-XPD mediated DNA repairing mechanism. The IP samples were then separated by SDS-PAGE
and subjected to Western blot analysis. The effect of aPKC inhibitors on total and phospho CDK7, XPD, PKC-ι and
PKC-ζ was quantified using densitometry for (B) LoVo and (D) RKO respectively. (Mean +/- S.E.M, N = 3
independent experiment and * represents p value (* < 0.05, ** < 0.02, *** <0.01, **** < 0.0001
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Figure 6.8: aPKCs interact with TFIIH complex during DNA damage repair in CRC cells.
Metastatic LoVo and RKO cells were treated with the combination of aPKC inhibitors and 5-FU for three
consecutive days. Following treatment, PKC-ι (2μg) was IP separately from whole cell extracts (200μg) of treated
(72 hours) and untreated (A) LoVo and (C) RKO cells using respective antibody. Likewise, PKC-ζ was IP from
whole lysates of (B) LoVo and (D) RKO cells, followed by evaluation of different associated proteins of the CAKXPD mediated DNA repairing mechanism. The IP samples were separated by SDS-PAGE and subjected to Western
blot analysis. The amount of phospho CDK7(T170), CDK7, XPD, PKC-ι and PKC-ζ was quantified using
densitometry. (Mean +/- S.E.M, N = 3 independent experiment and * represents p value (* < 0.05, ** < 0.02, ***
<0.01, **** < 0.0001).
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interaction with another complex known as CAK. The phosphorylation of CDK7 mediates the
CAK complex activation and function at T170 [177].
Since the addition of aPKC inhibitor synergizes the efficacy of 5-FU, we focused on
further DNA repairing mechanism and hypothesized that the aPKC might contribute to the DNA
damage repair by regulating the activity of the CAK complex via the phosphorylation of CDK7
atT170 based on our previous published study [109]. Our findings showed that the combination
of aPKC inhibitors and 5-FU drastically reduced the expression of CAK-TFIIH complex
components such as pCDK7, CDK7, and XPD in treated CRC cells (Figure 6.6). Subsequently,
we studied the interaction of CAK-TFIIH complex components with aPKCs in CRC cells by
individually immunoprecipitating CDK7, PKC-ι, and PKC-ζ. The IP CDK7 pulled down aPKCs
in addition to XPD in CRC cells, but the treatment did not change the expression of the proteins
of CAK-TFIIH complexes (Figure 6.7). On the other hand, the IP aPKCs were found to be
associated with CDK7, and the combination treatment reduced the expression of pCDK7 at
T170. Furthermore, the reduced level of pCDK7 resulted in the minimization of XPD association
in treated CRC cells. (Figure 6.8). These data indicate that the aPKC may found as an upstream
regulator of TFIIH mechanism and may play a crucial role during DNA excision repair.
6.5 Conclusion
Collectively, this study concludes that aPKC exhibits a significant molecular event in
DNA damage repair in CRC. Moreover, the combination of aPKC inhibitors with commonly
used DNA damage targeting chemotherapeutic agent such as 5-FU synergistically retards cell
growth, induces apoptosis, and most importantly, promotes DNA damage in CRC cells.
Additionally, we have identified aPKC as a critical upstream protein in regulating TFIIH
complex function in NER (Figure 6.9). Hence, the inclusion of aPKC inhibitor in addition to
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blocking DNA synthesis would be an effective therapeutic strategy for treating metastatic CRC
cells in personalized therapy.

Figure 6.9: aPKC controls the DNA excision repair by activating CDK activating kinase
(CAK).
The DNA excision repair mechanism is activated by aPKCs via CDK7. aPKC phosphorylates CDK7 at T170 and
activates it which ultimately leads to the formation of CAK complex in association with Cyclin H and MAT1. The
CDK7 of CAK complex in turn binds to XPD subunit (forms a CAK-XPD link) of Transcription Factor II H
(TFIIH) complex and transfers it to the damaged DNA site to repair excised nucleotide.
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Appendix A (Original Western Blots of Figure 3.3A, 3.4A, 3.4C, 3.4E, 3.5B, 3.6A, 3.7A, 4.1,
4.2A, 4.3E, 4.4A, 4.4C, 4.5C, 4.6A, 5.2B, 6.4A, 6.4C, 6.6A, 6.6C, 6.7A, 6.7C, 6.8A, 6.8B,
6.8C, 6.8D)
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6.8A IP PKC-ι WB pCDK7 T170 (LoVo)
(LoVo)

6.8A IP PKC-ι WB CDK7 (LoVo)

6.8A IP PKC-ι WB PKC-ι (LoVo)
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6.8B IP PKC-ζ WB XPD (LoVo)

6.8B IP PKC-ζ WB pCDK7 T170 (LoVo)

6.8B IP PKC-ζ WB CDK7 (LoVo)

6.8B IP PKC-ζ WB PKC-ζ (LoVo)
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6.8C IP PKC-ι WB XPD (RKO)

6.8C IP PKC-ι WB pCDK7 T170 (RKO)

6.8C IP PKC-ι WB CDK7 (RKO)

6.8C IP PKC-ι WB PKC-ι (RKO)
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6.8D IP PKC-ζ WB XPD (RKO)

6.8D IP PKC-ζ WB pCDK7 T170 (RKO)

6.8D IP PKC-ζ WB CDK7 (RKO)

143
6.8D IP PKC-ζ WB PKC-ζ (RKO)

Appendix B (Copyright Notices)
The following is the copyright notice for the material in chapter 1
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The following is the copyright notice for the material in chapter 3 and 5
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The following is the copyright notice for the material in chapter 4 and 5
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The following is the copyright notice for the material in chapter 6
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